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Abstract 
Quasars have been used as efficient probes of high-redshift galaxy clustering as 
they are known to favour overdense environments. Quasars may also trace the large-
scale structure of the early universe (0.4 1< z <1  2) in the form of Large Quasar Groups 
(LQGs), which have comparable sizes (r.J 
 100-200hMpc) to the largest structures 
seen at the present epoch. 
This thesis describes an ultra-deep, wide-field optical study of a region containing 
three quasars from the largest known LJQG, the Clowes-Campusano LQG of at least 
18 quasars at z 1.3, to examine their galaxy environments and to find indications 
of any associated large-scale structure in the form of galaxies. 
The optical data were obtained using the Big Throughput Camera (BTC) on the 
4-m Blanco telescope at the Cerro Tololo Interamerican Observatory (CTIO) over 
two nights in April 1998, resulting in ultra-deep V, I imaging of a 40.6 x 34.9 arcmin 2 
field centred at l0L47m30s, +05 0 30'00" containing three quasars from the LQG as 
well as four quasars at higher redshifts. The final catalogues contain 10 sources 
and are 50% complete to V 26.35 and I 25.85 in the fully exposed areas. 
The Cluster Red Sequence method of Gladders & Yee (2000) is used to identify 
and characterise galaxy clusters in the BTC field. The method is motivated by 
the observation that the bulk of early-type galaxies in all rich clusters lie along a 
tight, linear colour-magnitude relation - the cluster red sequence - which evolves 
with redshift, allowing the cluster redshift to be estimated from the colour of the 
red sequence. The method is applied to the detection of high-redshift clusters in 
the BTC field through the selection of galaxies redder than the expected colour of 
the z = 0.5 red sequence. A 2c excess of these red galaxies is found in the BTC 
field in comparison to the 27arcmin 2 ETS-DEEP HDF-South field. These galaxies 
are shown from the EIS-DEEP UBVRIJHK 3 photometry to he early-type galaxies 
at 0.7 1< z 1.5. This excess, corresponding to 1000 extra red galaxies over the 
BTC field, along with the 3c excess of Mgti absorbers observed at 1.2 < z < 1.3 
(Williger et al., 2000), supports the hypothesis that the Clowes-Campusano LQG 
traces a large-scale structure in the form of galaxies at z 1.3. 
Four high-redshift cluster candidates are found, one of which is confirmed by 
additional K data to be at z = 0.8 + 0.1. Two of the high-redshift clusters are 
associated with quasars: the z = 1.426 quasar is located on the periphery of a cluster 
of V - I 3 galaxies; and the z = 1.226 LQC quasar is found within a large-scale 
structure of 100-150 red galaxies extending over 2-3h'Mpc. Additional K imaging 
confirms their association with the quasar, with red sequences at V - K 6.9 and 
I - K 4.3 indicating a population of 15-18 massive ellipticals at z = 1.2 ± 0.1 
that are concentrated in two groups on either side of the quasar. 
The four z ± 1.3 quasars in the BTC field are found in a wide variety of en-
vironments, from those indistinguishable from the field, to being associated with 
rich clusters, but are on average in overdense regions comparable to poor clusters. 
These results are similar to those of previous studies of quasars at these redshifts, 
and are consistent with the quasars being hosted by massive ellipticals which trace 
mass in the same biased manner. It is also notable how the quasars associated 
with clustering are located on the cluster peripheries rather than in the high-density 
cluster cores, a result which is initially surprising given that quasars are thought 
to be hosted by massive elliptical galaxies, but in retrospect can be understood in 
the framework of both galaxy interaction and galaxy formation quasar triggering 
mechanisms. 
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Chapter 1 
Introduction 
1.1 Overview of the Thesis 
This thesis describes the use of wide-field ultra-deep optical images in conjunction 
with near-infrared imaging to examine the galaxy environments of three quasars 
from the Clowes-Campusano Large Quasar Group (LQG) at z 1.3 and to search 
for indications of any associated large-scale structure. The remainder of this chapter 
describes the basic foundations of cosmology and structure formation used within 
this thesis, along with a summary of previous studies into the fields of quasars, their 
environments, and their clustering in the form of large quasar groups. 
Chapter 2 describes the obtaining and reduction of ultra-deep optical images 
using the Big Throughput Camera (BTC) on the 4-rn Blanco telescope at the Cerro 
Tololo Interarnerican Observatory (CTIO) in Chile. The field covers a region of 
30 x 30 arcmin 2 
 containing three quasars from the Clowes-Campusano LQG, and 
reaches V 26.5, I 26, resulting in catalogues of 10 5 sources. 
Chapter 3 describes the use of the Cluster Red Sequence method of Cladders & 
Yee (2000) to detect and characterise clusters as overdensities in the galaxy colour-
magnitude-position three-space. The method is applied to the BTC field to identify 
clusters to z 0.6, resulting in two cluster candidates at z 0.05 and z 0.25. 
Chapter 4 describes the examination of galaxy clustering at redshifts beyond 0.5 
through the selection of galaxies redder than the expected colour of red sequence 
galaxies at z = 0.5. A 2 a excess of these galaxies is found in comparison to the BIS-
DEEP HDF-South field, providing evidence for a high-redshift large-scale structure 
1 
encompassing the entire field. Four high-redshift cluster candidates are found, of 
which two appear associated with quasars, including one from the LQG. 
Chapter 5 describes the addition of K imaging of a 2.25 x 2.25 arcmin 2 field 
around the z = 1.226 LQG quasar. Direct evidence for galaxy clustering associated 
with the quasar is found in the form of a population of galaxies with the colours 
expected for passively-evolving galaxies at z = 1.2 ± 0.1, and which form clear red 
sequences at V - K 6.9 and I - K 4.3. 
Chapter 6 describes the addition of K imaging of two adjacent 2.25 x 2.25 arcmin 2 
fields: one containing the z = 1.306 LQG quasar and the other containing the most 
significant high-redshift cluster candidate of Chatêr 4. The quasar itself appears 
to reside in a poor environment, indistinguishable from the field, whilst the cluster 
appears to be at z = 0.8 ± 0.1. Finally, a summary of the conclusions of the thesis 
and an outline of future work are given in Chapter 7. 
1.2 The Standard Cosmological Model 
Gravity is the dominant force over large scales in the universe, and the foundation 
upon which cosmology is built is Einstein's General Theory of Relativity, which de-
scribes how the curvature of space is related to the distribution of mass. On scales 
from planets and stars, up to superclusters of galaxies, inhomogeneities are seen 
caused by the mutual attraction of matter under the action of gravity. However on 
larger scales above 100-200 h' Mpc the present universe becomes a homogeneous 
sponge-like structure, made up of walls and filaments of galaxies and galaxy clus-
ters, separated by huge voids r.s 
 50h'Mpc across. This large-scale homogeneity is 
most apparent in the Cosmic Microwave Background (CMB), a thermal relic of the 
Big Bang, with an isotropic, near-perfect black-body spectrum at a temperature of 
2.726K. 
Such homogeneity is necessary to our current theories, as the basic premise upon 
which all cosmological models are founded is the Cosmological Principle which states 
that the universe is homogeneous and isotropic on sufficiently large-scales. From this 
comes the Robertson-Walker metric which describes the space-time geometry of the 
2 
universe, 
I 
ds2 = (cdt)2 - R(t)2 
	
dr2 + r2d2 
[ 	 I , 	 (1.1) 1 - kr 2 
where r, b are comoving coordinates (constant for sources moving with the Hubble 
flow), ds is the space-time interval (zero for light paths), t is the proper time, R(t) 
is the cosmic scale factor which describes the expansion of the universe, and k is 
a constant that takes the values -1, 0, or 1 according to space being open, flat or 
closed. 
General Relativity then gives us the Friedmann equations which relate mass with 
the geometry of space time through, 
° 
/ + 34'  ft 
= _i! ci 
E2+kc2 = fGpR2, 	 (1.3) 
where p and p are the density and the pressure of the Universe. An examination of 
the second equation indicates a direct relation between the density of the universe 
and its geometry, with a critical density Pc separating closed and open universes, 
3H(t) 2 
Pc 	
H(t)t)  - R(t) 	 À 87rG ' 	 - R(t)' 	 (l) 
where H(t) is the Hubble parameter describing the rate of expansion of the uni-
verse. The density of the universe can be considered to be made up of three compo-
nents, pressureless matter (both baryonic and non-baryonic; PM  cc R 3 ), radiation 
(Pr oc It 4 ), and vacuum energy (pA=  constant). For the post-recombination uni-
verse, the radiation density becomes negligible, allowing the evolution of H(t) to be 
described as, 
= H {cA + Il a + (1 - M - f?A)a2], 	 (1.5) 
where H0 = H(t = 0) = h 100 km 	 MpC' is the current expansion rate, 
a(t) = R(t)/R(t = 0) is a dimensionless scale factor, and QA = PA/Pc, 1 A1 = PM/Pc 
are the vacuum and matter density components normalised to the critical density. 
The dimensionless scale-factor, a(t), can be more usefully written in terms of the 
observable redshift, z, of the radiation from a source, 
a(t) - - ____ - 1A emit 
- 1+z 	 (1.6) 
3 
The comoving distance of a source can then be related to its redshift through, 
= fRdr=Jcdt=fc dr 	 cdR 	 c
_= RH(t) = H(Z) 
	
. 	 ( 1.7) 
T. 	= J [ + M(1 + z)3 + (1 - 	 - M)(1 + z)2]1/2dz 	 (1.8) 
For a matter-dominated model (f?A = 0) this can be integrated analytically to 
produce Mattig (1958)'s formula, 
2c!lMz+(QM_2)[V 1+QM Z_1] 	 (1.9) 
Many of the largest cosmological studies have been aimed at constraining the 
three free parameters in the above equation, H0 , I1M and fIR, through a variety 
of complementary approaches: the use of Cepheid variables (e.g. Freedman et al., 
2000) and type la supernova (e.g. Perlmutter et al., 1999) as standard candles to 
measure the rate of expansion and deceleration (or acceleration) of the universe; the 
evolution of cluster abundances (e.g. Bahcall et al., 1997b) to examine the density 
of matter in the universe; and the power spectrum of the CMB anisotropies by 
MAXIMA-i (Hanany et al., 2000) and BOOMERANC-98 (de Bernardis et al., 2000) 
which constrains the spatial geometry. By acting in orthogonal directions in the 
 QA OM-	 - H0  3-dimensional parameter space, they combine to constrain the major 
cosmological parameters to (Jaffe et al., 2001), 
Hubble's constant 
	 H0 = 72 ± 8km C' MpC', 
the total energy density 
the matter density 
the vacuum energy density 
the baryon density 
the power-law index of the power 
spectrum of mass fluctuations 
o= I1M+QA =1J±0.07, 
QM = 0.37 ± 0.07, 
QA = 0.71 + 0.05, 
= 0.032 ± 0.005, 
ii = 1.01 + 0.08. 
These constraints support the main predictions of the inflation paradigm: that 
the geometry of the universe is flat; that the initial density perturbations are scale-
invariant; and that the density of mass-energy of the universe is dominated by a form 
other than the ordinary baryonic matter that can be observed as stars and galaxies, 
with both components of dark (non-baryonic) matter (QM - Q6) and vacuum energy 
(fI ft ) required to match observations. 
Throughout the thesis, values of H0 = 75kmC' MpC', ftkf = 0.3 and QA = 0.7 
are assumed unless otherwise stated (usually for comparison with other studies), 
resulting in an age of the universe of 12.6 Gyr. 
1.3 Statistical Descriptors of Clustering 
The effect of gravity on the growth of inhomogeneities is dependent on the matter 
content of the universe, producing clustering of characteristic strengths and scales. 
By examining the statistical properties of the observed distribution of matter, p(x), 
it is possible to make predictions for the quantity and form of this matter. 
The two most commonly used descriptors of the clustering of matter are the 
power spectrum, P(k), and the two-point correlation function, E(r), which measure 
the strength and scale of inhomogeneities of the density perturbation field 
(p) 
	 (1.10) 
The power spectrum measures the strength of clustering as a function of scale, 
and is defined as 
P(k) = (jSkI 2 ), 	 (1.11) 
where 8k = jj fS(x)exp(ik.x)dx 	 ( 1.12) 
is the Fourier transform of the density perturbation field 8(x). It is more commonly 
written in dimensionless form, as the variance of the density fluctuations per in Ic 
&(k) - 	
- 
- 1 P(k)k3 
- dlnk 	 (2ir) 3 (1.13) 
As there is no physical motivation for any preferred length scale in the power 
spectrum, the most suitable choice for the spectrum is a featureless power law 
P(k) cx Ic", 	 (1.14) 
where 71 is the spectral index and governs the balance between large- and small-scale 
power. The inflationary paradigm predicts a scale-invariant spectrum which implies 
that space has the same degree of structute on all scales, and corresponds to a value 
n=1. 
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Figure 1.1: Deconvolved galaxy power spectrum (solid circles) and fit (solid line) from the Las 
Campanas Redshift Survey. For comparison the power spectra from the combined CIA and SSRS 
surveys are shown. Taken from Lin et al. (1996) 
Figure 1.1 shows the galaxy power spectrum from the Las Campanas Redshift 
Survey (LCRS: Lin et al., 1996) of 23697 galaxies. On small scales (5-30h'Mpc) 
the power spectrum may be approximated by a power-law with ii = —1.8 ±0.1. The 
clustering power appears to peak at a scale of 100 h'Mpc which is a signature 
of the pattern of walls and voids apparent in large-scale galaxy redshift surveys, 
being the approximate separation between the large sheet-like structures apparent 
in the galaxy distribution. On larger scales the power spectrum is compatible with 
a spectral index of ii = 1, although the errors are large, and it is possible that the 
power continues to increase beyond 100 h'Mpc. 
The two-point correlation function is basically described as the excess probability 
of finding a second overdensity at a distance r from a first 
e(r) = (ö(x)S(x + r)). 	 (1.15) 
A 
Ass 
and is the inverse Fourier transform of the power spectrum 
e(r) 
= 
V 
(2ir)3 I SkI 2  exp(—ik.r)d3k. 	 (1.16) 
A power-law spectrum implies a power-law correlation function with 
r 
E(r) = 
/ 	
,with-y =n +3 (valid form <0), 
	 (1.17) 
ro 
where r0 
 is the correlation length. Results of galaxy redshift surveys (e.g., CNOC2: 
Carlberg et al. (2000); CfA: Davis & Peebles (1983); Las Campanas: Tucker et al. 
(1997)) indicate that y 1.8 and r0 5 /r'Mpc for 1 C(r) iO, implying that 
ii = —1.2. 
1.4 Structure Formation and Evolution 
The standard cosmological paradigm has the structures observed in the present uni-
verse, such as galaxies and clusters, formed within dense halos of cold dark matter, 
which themselves have grown in a hierarchical manner from the small Gaussian 
perturbations in the initial density field, first observed as fluctuations in the Cos-
mic Microwave Background. These initial small-scale overdensities grow and pro-
gressively coalesce under the influence of gravity to form more massive structures, 
eventually becoming the clusters and superclusters seen today. The rate of evolu-
tion of structures is highly dependent on the cosmological parameters, particularly 
I?M as high-density universes will evolve much more rapidly than low-density ones. 
As a consequence, for a high-density universe, far fewer massive structures such as 
clusters or superclusters would be expected at early epochs than for a low-density 
universe. Hence by observing the evolution of massive structures it is possible to 
impose major constraints on any successful cosmological model. 
There are two approaches to following the growth of structures in a cosmological 
framework - N-body simulations and analytical methods. Typical numerical sim-
ulations take a large volume filled with dark matter particles that are distributed in 
such a way as to represent the initial Gaussian density field observed at the epoch 
of recombination. These particles are then allowed to evolve under the influence of 
gravity into the non-linear regime where collections of the particles become gravita-
tionally bound and collapse to form the massive dark matter halos that host galaxies 
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and clusters. More complex models involve the addition of gas particles which are 
affected by both gravitational and hydrodynamical forces, allowing the evolution of 
stars, galaxies and the hot gas of the intra-cluster medium to be described. Such 
simulations are highly computationally intensive, and although different cosmolog-
ical models can be considered by varying the initial parameters, it is not trivial to 
relate the evolution observed back to the physical parameters. 
The analytical approach allows in principle a deeper understanding of the effect 
of the various cosmological parameters on the evolution of structure, but faces two 
major difficulties. Firstly, the growth of density perturbations becomes highly non-
linear as structures become gravitationally bound and begin to collapse, whereas 
analytical approaches are able to describe only the linear regime. Secondly, due to 
the immense complexities of the hydrodynamical physics involved in the evolution 
of galaxies, it is possible to describe analytically only the growth of the dark matter 
halos, which can be considered as collisionless particles. Hence, whereas the ana-
lytical model may.follow the growth of dark matter halos, it is the evolution and 
growth of galaxies and clusters that is observed, and the effects of biasing of the 
distribution of galaxies and clusters with respect to the underlying mass distribution 
as described by the dark matter halos must be considered. 
The standard analytical tool for describing the evolution of structure in a hierar-
chical universe is the Press-Schecter model (Press & Schechter, 1974), which despite 
not considering any non-linear dynamical effects, reproduces well the results from 
N-body simulations of the growth of dark matter halos. 
In Press-Schecter theory the density field, p(x), which is initially assumed to be a 
Gaussian random field, is smoothed by convolving with a filter function whose size is 
related to the mass M of interest. The density fluctuations, 6(x) = [p(x) 
- 
are assumed to grow linearly until they reach a critical overdensity, &, at which 
point they are assumed to have collapsed into dark matter halos whose masses are 
determined from the maximum filtering scale at which the critical overdensity is 
reached. 
The Press-Schecter approximation for the comoving number density of dark mat- 
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ter halos of mass M in the interval dM is given by 
dn (2 4 	 Idlnc(zM)exp( _52 \ 
= Ma(z,M) 	 dlnM 	 k25(z,M)2)' 	 (1.18) 
where c(z, M) is the linear theory rms mass density fluctuation in spheres of mass 
M at redshift z, 1.68 is the critical density contrast needed for collapse, and fi 
is the mean density of the universe. The rms mass density fluctuation evolves with 
redshift as 
c(z, M) = co(M)g(Q(z)) 1  
g(Q) 1 + z (1.19) 
where g(f) is the suppression factor of linear growth relative to that of a critical-
density universe, where perturbations grow as (1 + z)', and is given by 
5 	 ' 	 da 
9(I1 M,QA) 
= 2 
QM 	
a3H(a)' 	 (1.20) 
which for anQA = 0 universe is given by, 
-I 
4/7l g(QM) = 	 [i + 	 + "M j 
	
(1.21) 
and for a flat P A = 1 - QM universe is well approximated by (Carroll et al., 1992) 
2 	 '-1 [1 	 209QM 	 M 	 4/7I g(1hi,ft)= 	
+ 140 - 140 +Mj 	 (1.22) 
and the redshift dependence of Q m is given by 
QM(Z) = M 1 + z 
	
1 + QMZ 	 (QA = 0) 	 (1.23) 
(1+z)3 (QA=1—QM) 	 (1.24) 
ao (M) is the present rms mass fluctuation within a sphere that on average has a 
mass M, and is related to the mass density power spectrum P(k) through 
02 (M) 
= 1 
 _fdkk 2 P(k) 2 fkI 2 , (1.25) 
where fk is the Fourier transform of the volume's window function. If the power 
spectrum is approximated as a power law P(k) x k' 2 around the 8h'Mpc scale 
then 
" M ' 
ao (M) = O (v-) (1.26) 
where M3 is the mean mass within a sphere of radius 8 h' Mpc, and is proportional 
to ciM. 
The mass of a typical rich cluster is contained within a Lagrangian radius of 
6.5Q'3 1i _ 1 M pc
, close to the 8h'Mpc value used to measure the rms mass fluc-
tuations, and so by fitting the observed abundances of rich clusters with the Press-
Schecter formalism it is possible to estimate a 8 . By estimating the masses of the 
clusters either from their X-ray temperatures (e.g. Henry & Arnaud, 1991; Eke et al., 
1996) or the velocity distributions of their member galaxies (White et al., 1993), the 
level of rrns mass fluctuations has been estimated as 
as -S-' 	 (1.27) 
The dependence on I1M is due to clusters in low-density models requiring a greater 
degree of collapse to produce the same number of clusters of a given mass. 
The amplitude of the mass fluctuations allows the relative distribution of mass 
and light in the universe to be compared, indicating whether the light observed 
from galaxies is a biased or unbiased tracer of mass on large scales. This biasing is 
quantified through the bias parameter (Kaiser, 1984) as 
b 
- a8 (galaxies) 
- as (mass) (1.28) 
Observations of the optical galaxy fluctuations (Davis & Peebles, 1983) indicate 
that as (galaxies) 1, and so in order to produce an unbiased universe, where 
mass follows light on large scales, equation 1.27 implies a low-density universe with 
QM 0.2-0.3, whereas an 1 cosmology implies a highly biased universe with 
the distribution of light much more clustered than mass. 
The I1M 
- 
as 
 degeneracy of equation 1.27 can be broken by examining the evo-
lution of the abundance of rich clusters with redshift. For rich clusters where the 
exponential part of Equation 1.18 dominates the mass function, the total number 
density of dark matter halos of mass greater than M can be approximated as 
Inn(z,> M) cc —a(z,M)2 = _a 2 	 3)/3  
)
M'" 3 '3 . ;
(~W(Q ) 	 (1.29) 
Differentiating this with respect to redshift provides the rate of evolution of clusters 
of mass M 
d(lnn(z,> M)) 
	 11+3V3 d (L(~) 2.(fl +3)/3 (1.30) dz 	 M 	 dzg(c )  
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The dominant factor in cluster evolution can be seen to be the rms mass fluctuation 
level o, and provides a powerful method for constraining as and hence QM by 
comparing the abundance of rich clusters at high-redshifts with that of the present 
epoch (Fan et al., 1997). 
For clusters of masses comparable to the Coma cluster (c 5.5 x 10' 4h'M® ) 
the expected decrease in abundance from z = 0 to z = 0.5 is a factor of 10 for 
unbiased, low-density models (QM 0.2, as c 1), whilst for biased, high-density 
models ([1M = 1, as 0.5) the cluster abundance evolves much more rapidly, with 
a decrease of a factor 'S-' 1000 expected. 
Only a mild negative evolution of cluster abundances is observed in the clus-
ter surveys that reach z 0.5 and beyond, in excellent agreement with unbiased, 
low-density models. The Canadian Netwthk for Observational Cosmology Cluster 
Redshift Survey (CNOC; Carlberg et al., 1996) provides a small but complete sam-
ple of massive clusters out to z ± 0.5, and the data show a mild decrease of a 
factor 10 to z 0.5 for clusters of mass greater than 5.5 x 10 14 h'M® (estimated 
from velocity distributions). The Palomar Distant Cluster Survey (PDCS; Postman 
et al., 1996) is a survey of distant clusters to z ± I found from deep imaging data 
over 5 deg2 . By selecting moderately-rich clusters with M > 1.5 x 10' 4 h'M® (based 
on the total luminosity of the member galaxies) only minimal negative evolution is 
observed, as expected for low-density, high-c 8 models, but inconsistent with biased 
Qm = 1 models which predict 10 times fewer clusters at z 1 than that observed 
(see Figure 4.21). 
The best-fitting value for as to the observed evolution of cluster abundances 
is a8 
 = 0.83 + 0.15 (Fan et al., 1997), implying a nearly unbiased universe where 
the mass follows the light. Combining this value with the QM - as relation of 
Equation 1.27 for local cluster abundances indicates a low-density, low-bias universe 
with QM = 0.3 ± 0.1 (for QA = 0), and QM = 0.34 ± 0.13 (for QA = 1 - 
1.5 Large Scale Structure at Low Redshifts 
Over the last twenty years it has become possible for the first time to examine 
the large-scale structure of the universe and determine the characteristic scales at 
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Figure 1.2: Large-scale structure in the Las Campanas Redsliift Survey (Shectman et al. 1996). 
Velocity-right ascension pie diagrams for galaxies in the Las Campanas Redshift Survey: left, 
the North Galactic Gap data, composed of the S = —3 ° , —6 ° , and —120 slices; right, the South 
Galactic Gap data, composed of the S = —39 ° , —42 ° and —45° slices. Taken from Doroshkevich 
et a]. (1996). 
which the universe changes from being dominated by gravitationally-driven inho-
mogeneities such as galaxies and clusters to becoming homogeneous and isotropic, 
as theories and observations of the cosmic microwave background predict. Such 
progress has been made through the advent of surveys such as the CIA redshift sur-
vey (de Lapparent et al., 1986; Geller & Huchra, 1989) and the ACO (Abell et al., 
1989) rich cluster catalogue of the 1980s, and the Las Campanas Redshift Survey 
(LCRS; Shectman et al., 1996; Doroshkevich et al., 1996; Tucker et al., 1997) of the 
1990s, which have allowed the spatial distribution of galaxies and galaxy clusters to 
be examined out to distances of 300 h'Mpc. 
The early surveys found evidence for inhomogeneities in the galaxy distribution 
on scales of 50-100/r'Mpc: Kirshner et al. (1981) found evidence for a void in 
Boötes 60hMpc across; and Geller & Huchra (1989) found a filamentary struc-
ture of galaxies r..i 
 170 h'Mpc long in the CfA redshift survey, which they called 
the "Great Wall" (Figure 1.6(left)). In a pencil-beam galaxy redshift survey in the 
direction of the Galactic poles Broadhurst et al. (1990) found evidence for a period-
icity in the galaxy distribution with a characteristic scale of 128 h'Mpc extending 
over 2000 h'Mpc. 
More recent surveys such as the LCRS (Shectman et al., 1996) have shown that 
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Figure 1.3: The large-scale structure of the local universe mapped by the spatial distribution 
of rich clusters from the Abell (1958) and AGO (Abell et al. 1989) catalogues. An SGX-SGY 
projection of a slab 50h"Mpc thick. The distribution probed by the Broadhurst et al. (1990) 
pencil-beam survey is apparelit as the vertical line passing through the origin, with the six cycle 
peaks indicated by white circles. The dashed-line and the first and second contour shade steps are 
at 0.5, 1 and 3x10 3 clusters Mpc 2 . Taken from Tully et al. (1992). 
the spatial distribution of galaxies in the universe becomes cellular or sponge-like on 
scales of 100h' Mpc, with sheets and filaments of galaxies separated by huge voids 
similar to that found in Boötes (Kirshner et al., 1981). Figure 1.2 shows the large-
scale structure of the universe mapped by the spatial distribution of galaxies from 
the LCRS. The pattern of filamntary structures of galaxies separated by regions 
almost devoid of galaxies is apparent across the whole of both the North and South 
Galactic cap regions, suggesting that the scale of homogeneity of the universe has 
been reached. This pattern of over- and under-dense regions (e.g., walls, filaments 
and voids) manifests itself in the power-spectrum (Figure 1.1: Lin et al., 1996) as 
the scale of maximum clustering power at 100 h'Mpc. 
The large-scale structure of the universe has also been mapped by the spatial dis- 
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tribution of rich clusters and superclusters. By estimating the distances to clusters 
from the Abell (1958) and AGO (Abell et al., 1989) catalogues from the magnitudes 
of the third and tenth brightest cluster members (claimed to be accurate to 20% 
out to -. 300 h'Mpc), Tully et al. (1992) map the large-scale structure of the local 
universe out to distances of ~-_ 400 h'Mpc. Figure 1.3 shows the resultant map as 
a projection in the SGX-SGY plane of the region —35 < S'GZ < 15h 1 Mpc. Many 
of the features identified by earlier studies stand out as under- and over-densities 
in the rich cluster distribution, such as the Boötes void (Kirshner et al., 1981), the 
"Great Wall" (Geller & Huchra, 1989), the Great Attractor (Dressler, 1988, 1991), 
and the Shapley concentration (Scaramella et al., 1989). The region probed by the 
pencil-beam survey of Broadhurst et al. (1990) is shown as a vertical line passing 
through the origin, and the locations of the peaks (shown as white circles) can 
be seen to be coincident with several of the obvious features, including the "Great 
Wall", the Cetus Wall (Fairall et al., 1990) and the Pisces-Cetus superciuster (Tully, 
1987). Tully et al. (1992) also finds evidence for a concentration of rich clusters that 
extends along the supergalactic equator for "-' 450 h 1 Mpc. 
More recent studies which take advantage of measured redshift distances to many 
of the Abell (1958) and AGO (Abell et al., 1989) clusters confirm many of the 
features of Figure 1.3. Einasto et al. (1994) examine the spatial distribution of the 
voids and network of superciusters, and estimate the mean diameter of voids as 
85h'Mpc, and the mean distance between superclusters (on either side of a void) 
as 140 /r 1 Mpc. 
It appears that the volumes covered by current redshift and cluster surveys have 
reached the scale of homogeneity, with repeated patterns of filaments, sheets and 
voids. The ongoing 2dF and SDSS (Sloan Digital Sky Survey) galaxy redshift sur-
veys should confirm this by examining much greater volumes, reaching distances of 
600 h'Mpc (z ". 0.2). 
1.6 Quasars 
- A Summary 
Quasars were first identified nearly forty years ago (Hazard et al., 1963; Matthews & 
Sandage, 1963; Schmidt, 1963), and they have remained one of the most important 
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Figure 1.4: The quasar space density, normalised to z - 2-3 and plotted as a function of 
redshift. The data from Hook et al. (1999) for Parkes flat-spectrum radio-loud quasars with 
iim >7.2 x are shown as solid circles. The upper limit for 5< z < 7 is taken 
from Shaver et al. (1996). Data from optically-selected quasar samplth are also shown for Warren 
et al. (1994, open squares), Schmidt et al. (1995, open circles) and Hawkins & Veron (1996, small 
solid circles). Taken from Hook et al. (1999). 
fields of study within cosmology. The basic model for a quasar (see Rees, 1984, for 
a review) is generally regarded to be a supermassive black hole (MBII 10 6 ' °M® ) 
which continuously accretes matter at the rate of 1-100 M® year' resulting in 
a luminosity of 10' W ( 100L, where L* 
 is the characteristic luminosity of 
galaxies). 
The quasar population has evolved strongly with redshift, with the quasar space 
density a factor of 150 greater at z 1 than at the present epoch (Schmidt, 
1968). More recent studies indicate that the quasar space density continues to 
increase beyond z 2f 2, peaks at z 2-3, before decreasing sharply beyond z 3 
(e.g. Hartwick & Schade, 1990; Warren et al., 1994; Shaver et al., 1996; Hook et al., 
1999) (Figure 1.4), although there are claims that this decrease at high-redshift is 
due mostly to a lack of sensitivity of quasar surveys to these high-redshift quasars 
(e.g. Wolf et al., 1999). 
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It is thought that the observed evolution is the result of many generations of 
quasars with lifetimes of the order 106108 years, rather than a single generation of 
long-lived quasars whose luminosity changes with time. If the observed evolution 
were due to a small number of long-lived quasars, then as the mass of the black 
holes increases in relation to the total energy output by the quasar, a small fraction 
of the local galaxy population should be observed to harbour extremely massive 
remnant black holes (MEN lO' M ® ; Cavaliere & Padovani, 1988). In contrast, 
observations indicate that most L class galaxies harbour quiescent black holes of 
mass MEN - 10 6_109 M® 
 (Kormendy & Richstone, 1995; Magorrian et al., 1998). A 
strong correlation between the mass of the black hole and the bulge mass of the host 
galaxy is observed, indicating a causal connection between the formation evolution 
of the black hole and that of its galaxy host. Magorrian et al. (1998) construct 
dynamical models for a sample of 36 nearby galaxies with HST photometry and 
ground-based kinematics, and by modelling the dynamics in terms of a combina-
tion of compact massive object and an axisymmetric bulge find that for all but six 
galaxies the models require at the 95% confidence level a massive black hole with 
MBH0.006Mb U ,9C . Merritt & Ferrarese (2001) find that for a sample of 32 local 
early-type galaxies the frequency function N[log(M BH /M bu , ge ] is reasonably well de-
scribed as a Gaussian distribution with mean 
-2.90 and a standard deviation 0.45. 
These results suggest that the majority of early-type galaxies undergo a short pe-
riod of nuclear activity at some point during their evolution, and probably relatively 
early on, before their reservoirs of gas have been exhausted. 
With the levels of angular resolution possible with the Hubble Space Telescope 
it has been possible over the last few years to establish the basic properties of the 
quasar host galaxies such as luminosity and morphology. Recent studies have found 
that the hosts of all luminous quasars (Mv .c —23.5) are bright galaxies with L > L, 
and examinations of the host luminosity profiles have found them well fitted by a de 
Vaucouleurs r"-law spheroidal profile, establishing that, at low redshifts at least, 
the hosts of both radio-loud and radio-quiet quasars are unambiguously massive 
ellipticals (McLure et al., 1999; Dunlop, 2001), refuting the long-standing hypothesis 
that, like the majority of Seyferts, radio-quiet quasars lie in predominantly spiral 
galaxies (e.g. Smith et al., 1986). 
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There are thought to be two main mechanisms for the triggering of quasar activ-
ity: the accretion of hot gas during the process of galaxy formation (e.g. Efstathiou 
.& Rees, 1988; Haehnelt & Rees, 1993), which is more likely to be 'the dominant 
mechanism for high-redshift (z > 1) quasars; and the galaxy merger model whereby 
the merging event disrupts the galaxy host sufficiently to transport large amounts 
of gas onto the seed supermassive black hole (e.g. Roos, 1981, 1985a,b; Stockton, 
1982; de Robertis, 1985; Carlberg, 1990), and which appears to be dominant at low 
redshifts. 
In a newly forming dark matter halo, the central baryonic component of the pro-
togalaxy collapses into a self-gravitating, rotationally-supported structure 100-1000 
parsecs across. Unless all the gas can be converted into stars, dynamical friction 
results in a redistribution of angular momentum, leading to the formation of a self-
gravitating, rotationally-supported baryonic object with a mass of around lO M ® 
and a radius of a few parsec. Such an object rapidly collapses to form a supermas-
sive black hole which then accretes the remainder of the gas, triggering the onset of 
quasar activity (Haehnelt & Rees, 1993). Such a mechanism is likely to dominate at 
high redshifts (zl>1 ), and is supported by the coincidental epoch of quasar activity 
and the formation of galactic-size structures. If the correlation between black hole 
mass and bulge mass is due to physical processes involved in galaxy formation, then 
this correlation is unlikely to be epoch dependent. As the mass of the black hole 
needed to power the quasar is also likely to be independent of redshift, then so is 
the mass of the dark matter halo containing the quasar and its galaxy host. 
In contrast, there is evidence that galaxy interactions and mergers have acti-
vated a significant fraction of low-redshift quasars. HST studies have found a wide 
variety of environments around low-redshift quasars, ranging from highly distorted 
or obviously interacting systems to apparently isolated, undisturbed systems (e.g. 
Hutchings & Neff, 1992; Disney et al., 1995; Bahcall et al., 1997a; McLure et al., 
1999). In the Bahcall et al. (1997a) sample of 20 quasars at z < 0.3 they found 
three host galaxies undergoing major interactions, and 13 of the quasar hosts had 
close companions that may have recently interacted with the host. Of the sample of 
15 z < 0.3 quasars, McLure et al. (1999) found that 11 showed signs of recent inter-
actions. A number of the merging events appear to be between two large galaxies of 
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comparable size (e.g. QS01613+658 from Hutchings & Neff, 1992; QS00157+001 
from McLure et al., 1999), but the vast majority appear to be interactions with a sig -
nificantly smaller companion galaxy, and indeed many show no signs of interactions 
or companion galaxies whatsoever (e.g. QS00244+194 from McLure et al., 1999). 
Many of the companion galaxies have been spectroscopically confirmed as having 
redshifts within 500 km r' of the quasar (e.g. Stockton, 1982; Canalizo & Stockton, 
1997), and it has been suggested that these are tidally-stripped cores from galaxies 
that recently interacted with the quasar host galaxy, and provide an efficient fuelling 
mechanism for the quasar activity (e.g. Stockton, 1982; Bekki, 1999). Spectroscopic 
analysis of the companion to quasar PG 1700+518 (Canalizo & Stockton, 1997) 
finds evidence for both a star-burst event that occurred approximately 100 Myr ear-
lier (and so could be coincident with the quasar activation), and a relatively old 
stellar population, likely to be from the merger progenitor disk. Whilst the fraction 
of quasars that has been triggered by some form of galaxy interaction remains open 
to debate, it appears certain that at least some of the low-redshift quasars have been 
activated by this mechanism. 
1.7 The Galaxy Environments of Quasars 
The environments of quasars have also been examined on much larger scales than 
those of typical host galaxies to determine whether quasars are located preferen-
tially in rich environments such as clusters or are typically located in poor or field 
environments (Groom & Shanks, 1999; Ellingson et al., 1991a,b; Hall et al., 1998; 
Hall & Green, 1998; Hutchings et al., 1993, 1995; McLure & Dunlop, 2001; Sanchez 
& González-Serrano, 1999; Smith et al., 1995, 2000; Tanaka et al., 2000, 2001; Wold 
et al., 2000, 2001; Yamada et al., 1997; Yee & Green, 1984, 1987). Such studies 
can not only provide clues as to the triggering mechanisms of the quasars, but are 
important in cosmological terms by indicating how quasars trace mass, Which is 
necessary if the quasar spatial distribution is to be used to trace galaxy clustering 
or large-scale structure at high redshifts. 
The early studies examined the galaxy environments of both low- (z <1  0.3) and 
intermediate-redshift (z 	 0.5-0.8) quasars. They often found evidence for galaxy 
IN 
excesses in many of the quasar fields, but also found differences in the environments 
of radio-quiet and radio-loud quasars, finding the radio-quiet quasars in much poorer 
environments. Yee & Green (1984) obtained r imaging for a sample of 55 z < 0.45 
quasars (18 radio-loud, 37 radio-quiet), and found them located preferentially in 
regions of higher than average density, comparable to poor groups and clusters, and 
found marginal evidence for radio-loud quasars being located in richer environments 
than radio-quiet quasars. Yee & Green (1987) examined the galaxy environments 
of 28 radio-loud quasars at 0.3 z $ 0.6, through the spatial covariance amplitude, 
B 9 , which quantifies the overdensity of galaxies within 0.5h 1 Mpc of the quasar. 
They found evidence for evolution of environment with redshift, finding the z c 0.6 
quasars in environments three times as dense as those of the z c 0.3 quasars, with 
some z 0.6 quasars found in environments as rich as Abell class 1 clusters, a result 
which was confirmed by Ellingson et al. (1991b). In a comparable study of 36 radio-
quiet quasars at 0.3 < z < 0.6, Ellingson et al. (1991b) found their environments 
consistent with that of field galaxies, with none of them found in an environment as 
rich as an Abell class 1 cluster, a result confirmed by Smith et al. (1995), although 
in both cases it should be considered that these were relatively faint quasars with 
Mv 
—22, fainter than the dividing line between quasars and Seyferts. 
More recent observations have shed significant doubt on many of the above claims 
(e.g. Wold et al., 2000, 2001; McLure & Dunlop, 2001). In a study of 21 radio-loud 
quasars at 0.5 < z < 0.82 Wold et al. (2000) find no epoch dependence for the 
environment of the quasars, finding them in a wide variety of environments, from 
undistinguished field regions to Abell class 1 clusters. On average they seem to 
prefer galaxy groups or clusters of approximately Abell class 0. In a comparable 
study of 20 radio-quiet quasars at 0.5 C z < 0.8 Wold et al. (2001) find them located 
in environments indistinguishable from those of their radio-loud counterparts. As 
for the radio-loud quasars, the radio-quiet quasars are located preferentially in poor 
clusters of approximately Abell class 0, with a few located in environments as rich as 
Abell class 1-2 clusters, and others in environments comparable to the field. These 
results are confirmed by the study of 34 quasars (13 radio-loud and 21 radio-quiet) 
at z 0.2 of McLure & Dunlop (2001), which finds the radio-loud and radio-
quiet populations to be located in indistinguishable environments, with both quasar 
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populations being preferentially located in Abel! class 0 clusters, as for their higher 
redshift counterparts. These results confirm the lack of epoch dependence. McLure 
& Dunlop (2001) conclude that the distribution of cluster environments observed for 
the quasars from both their and Wold et al.'s studies is consistent with the quasar 
host galaxy being drawn at random from the massive elliptical population, indicating 
that the host galaxy is the dominant factor for quasar environments. Indeed, by 
considering the space density of Abell class a , 0 clusters and quasars at the epoch of 
peak quasar activity at z 2.5, McLure & Dunlop (2001) suggest that practically 
all Abell class 0 clusters contained an active galaxy at this epoch. 
The discrepancy between the earlier and the later studies appears to be due 
to the observations. Whereas the later observations were based on imaging data 
through filters redder than the redshifted 40004. break, and so sensitive to old 
stellar populations at the quasar redshift, the earlier data were generally based on 
imaging data that did not go as deep, and which covered wavelengths that were 
sufficiently blue that, for galaxies at the upper end of the redshift range probed, the 
results could be affected by recent star-formation, introducing a redshift bias. 
Hall et al. (1998) and Hall & Green (1998) have studied the environments of 
31 1 < z < 2 radio-loud quasars using combined optical and near-infrared imaging 
to identify the extremely-red objects likely to be early-type galaxies at the quasar 
redshift. Hall et al. (1998) report a significant excess of K Z 19 galaxies in the quasar 
fields. Hall & Green (1998) examine the properties of this excess, and find that it 
occurs on two spatial scales. One component lies within 40 arcsec from the quasar 
and is significant compared to the galaxy surface density at greater distances for the 
same fields. The other component is an extended overdensity to 100 arcsec and is 
significant in comparison to field regions. The r - K colour distribution of the excess 
galaxy populations are indistinguishable from one another, and are significantly 
redder than the colour distribution of the field population, and are consistent with 
being predominantly early-type galaxies at the quasar redshifts. The average level 
of excess observed corresponds to moderately rich clusters of Abell richness class 
1.5 + 1.5. 
Sanchez & González-Serrano (1999) examined the galaxy environments of seven 
radio-loud quasars at 1.0 < z < 1.6, and found excesses of faint galaxies (B > 22.5 
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and R > 22.0) on similar scales to those observed by Hall & Green (1998), with 
significant excesses within 35 arcsec of the quasars, and a more extended galaxy 
excess on scales out to 170 arcsec. The number of excess galaxies, their magnitudes, 
and the angular extensions of the excesses, are compatible with clusters of galaxies 
at the redshift of the quasars. As well as examining the radial distribution of galaxies 
around the quasars, they considered the density distribution on the sky, and found 
that the quasars were not in general located at the peaks of the galaxy density 
distributions, but at a projected distance of 70 arcsec from it, suggesting that the 
quasars are preferentially located on the peripheries of the clusters. 
This apparent avoidance of the densest cluster regions can be understood in the 
framework of both galaxy merger and galaxy formation quasar triggering mech-
anisms: (i) the encounter velocities of galaxies in the centre of clusters are much 
greater than the internal velocity distributions, and so galaxy mergers become much 
less efficient at triggering nuclear activity (Aarseth & Fall, 1980); and (ii) the cluster 
cores are filled with shock-heated virialised gas that does not easily cool and collapse 
(Blanton et al., 1999), inhibiting both the formation of stars and galaxies (Blanton 
et al., 2000), and hence inhibiting quasar formation as well (Haehnelt & Rees, 1993). 
1.8 Quasar Clustering 
Quasars currently offer a unique opportunity to examine the evolution of structure, 
and in particular large-scale structure, beyond the range of galaxy redshift surveys 
(z 	 0.2). Not only does the study of quasar clustering allow the evolution of 
clustering to be followed to much higher redshifts (z 	 2-3) than studies of the 
galaxy distribution, allowing the evolution of clustering to be examined, but it 
provides the only method of examining clustering on scales reaching 1000 h'Mpc 
and over a volume sufficiently large to be representative of the universe. 
The largest quasar survey by an order of magnitude is the 2dF quasar redshift 
survey which aims to compile a homogeneous catalogue of ' 25000 quasars over two 
750 x 5 
 regions. Quasar candidates are identified from broad-band UBR colours 
and then their spectra obtained using the 2-degree Field fibre-fed multi-object spec-
trograph on the Anglo-Australian Telescope (AAT). This selection of candidates by 
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their blue optical colour results in the survey being limited to z 2.2, beyond which 
the colour-selection criterion rapidly becomes inefficient at detecting quasars. It also 
becomes highly inefficient at low-redshifts, as low-luminosity quasars (MB > — 23) 
whose colours are dominated by the host galaxy will be missed. However the survey 
is expected to be 90% complete for 0.3 z 2.2 (Boyle et al., 2000). The survey is 
still underway, the observations not expected to be completed until February 2002, 
but the clustering of an interim catalogue of 10681 quasars (the 10k catalogue) has 
been examined through the two-point correlation function (Groom et al., 2000) and 
the power spectrum (Hoyle et al., 2001). 
Groom et al. (2000) shows that the two-point redshift-space correlation func-
tion of quasars, eQ(r), follows a power law of the form fQ (r) = ( r/ro)1 on scales 
r 1-35h 1 Mpc similar to that observed for galaxies. The effect of the choice of 
cosmological parameters become important for drawing conclusions from the data as 
the separation of quasars increases significantly for A-dominated models compared 
with standard [1M = 1 models, as the mean quasar redshift in the sample is 1.49. 
At this redshift the quasar separations for an Q M = 0.3, QA = 0.7 cosmology are 
70% greater than for an IZM = 1 model. For the 11M = 1 model, eQ(r) is best 
fit by a power law with r0 = 3.99tg h'Mpc and y = 1.55tg, whereas for the 
A-dominated model (I1M = 0.3,QA = 0.7) the power law extends to 601C'Mpc 
and is best fit by r0  = 5.69tg g h'Mpc and ' = 1.56tg. The results are very 
similar to those observed for local optically selected galaxies indicating that quasars 
trace mass in a similar manner, which is unsurprising given their galaxy hosts. 
To examine the evolution of quasar clustering with redshift, the quasar sample 
is split up into five redshift intervals from 0.3 to 2.9, and eQ(r,z) redetermined. 
There is no evidence for evolution of r 0 with redshift for an Q M = 1 cosmology, 
and only a marginal increase of r0 with redshift for the A-dominated model. It 
is difficult to draw any firm conclusions from the clustering evolution data as it 
is unclear what the biasing effects of quasar mechanisms are for models based on 
the growth of dark matter halos, particularly given that there are two likely quasar 
triggering mechanisms whose relative importance is likely to be redshift dependent. 
However the evolution of r0 with redshift is consistent for a A-dominated cosmology 
with quasars being associated with dark matter halos of minimum mass 1013 
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Figure 1.5: A comparison of galaxy and quasar power spectra. The lines show the power spectra 
of quasars from the 10k 2dF quasar catalogue for a A cosmology (solid-line) and Q = 1 cosmology 
(dashed-line). The circles show a flux limited power spectrum measured from the Durham/UKST 
Survey (Boyle et al. 1999). Taken from Boyle et al. (2001) 
which suggests that the clustering signature is due to the relatively high masses of 
typical quasar host galaxies. As discussed previously, if the relationship between the 
black hole mass and the mass of the galaxy host is due to the physical processes of 
galaxy formation, then the mass of the dark matter halos associated with quasars 
is likely to be independent of epoch. Although the dark matter halo mass may 
remain constant, this does not imply that the effect of biasing does not change with 
redshift. At high redshifts, dark matter halos of mass io' M® are likely to be due 
to the most significant perturbations in the initial density field, and so will be highly 
biased, whereas at low redshifts, the mass spectrum of dark matter halos has evolved 
significantly, so that 1013 M® mass halos are due to much smaller perturbations in 
the initial density field, and so will have a different biasing effect. 
Hoyle et al. (2001) present a power spectrum analysis of the same quasar sample 
from the 2dF 10k catalogue. Figure 1.5 shows the resultant power spectrum of 
the quasar sample on scales of 20-200h'Mpc. The solid-line shows the power 
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Figure 1.6: Distribution of normal galaxies found in the Centre for Astrophysics redshift survey 
(Celler & Huchra, 1989,— left) and the distribution of ACNs from the Veron-Cetty & Veron (1987) 
catalogue (right). The radial distance from the origins indicates the redshift z, with the outer circles 
corresponding to z = 0.05, or cz = 15000km s'. The declination range for the galaxy distribution 
is 20° < 6 < 40° and the declination range for the AGN distribution is 26°.5 < 8 < 44°.5. Taken 
from Longo (1991). 
spectrum for an Q m = 0.3, QA = 0.7 cosmology, and the dashed-line shows the power 
spectrum for an QM = 1 cosmology. For comparison the circles show the galaxy 
power spectrum from the Durham/UKST Survey (Hoyle et al., 1999). The quasar 
and galaxy power spectra have similar forms in the area of overlap, with both having 
P(k) ix on scales up to 50-100 h' Mpc, and is the same clustering signature as 
that manifested in the two-point correlation function (Croom et al., 2000). There is 
evidence of a spike feature at 90 h' Mpc assuming the A-dominated cosmology or 
65h'Mpc assuming an Qm = 1 model. Although its significance is marginal, it 
may be the same manifestation of the average separation of galaxy walls and sheets 
apparent in the power spectrum of local galaxies (see Figure 1.1). However, the 
clustering power continues to increase beyond the spike to at least 300-400 h' Mpc, 
suggesting that the turnover in the power spectrum occurs at larger scales, and 
that the spike is the manifestation of another physical process, possibly the second 
baryon-radiation acoustic peak. 
Both the power spectrum and the two-point correlation function confirm that 
the distribution of quasars is relatively unbiased with respect to that of galaxies, 
24 
and so quasars are likely to trace the same structures as galaxies. 
This is confirmed by comparison of the spatial distribution of AGNs and galaxies 
at low redshifts (e.g. Longo, 1991; Mullis et al., 2001). Longo (1991) compared the 
spatial distribution of z < 0.05 AGN from the Veron-Cetty & Veron (1987) catalogue 
with that of normal galaxies from the CfA redshift survey (Geller & Huchra, 1989). 
A structure of 19 AGN was found that was spatially coincident with the "Great 
Wall" structure found in the distribution of galaxies, and other features observed in 
the galaxy survey were also apparent in the AGN distribution (see Figure 1.6). It 
was estimated that the probability of such a chance spatial coincidence between the 
quasar and galaxy distribution was 1%. Mullis et al. (2001) detected a supercluster 
at z = 0.087 in the ROSAT North Ecliptic Pole Survey, with 16 clusters identified 
in the redshift range 0.07 < z < 0.10 whereas only 4-5 would be expected. In the 
same redshift range 12 AGN (the dominant class of X-ray emitters in the survey) 
were identified, whereas only 5.6 would be expected, a 2.2c excess. 
1.9 Large Quasar Groups 
The previous discussion suggests that quasars sparsely sample the galaxy distri-
bution, and so trace the same structures as galaxies. Given that superclusters at 
low-redshift are also manifested as regions containing an excess of AGN, it seems 
reasonable to propose that the converse is true also, that regions containing an ex-
cess of AGN indicate the presence of an underlying galaxy structure. This implies 
that if galaxy superstructures exist at redshifts beyond the current limits of galaxy 
redshift surveys, it should be possible to detect them as overdensities in the spatial 
distribution of quasars, or large quasar groups, and a number of studies have been 
made over the last twenty years to find such groupings within quasar surveys. 
1.9.1 The Webster Large Quasar Group at z 0.37 
The first group of quasars was found by Webster (1982) in the Cerro Tololo objective 
prism survey (Osmer & Smith, 1980) of 108 quasars. The vast majority of the 
quasars found have z >1  2, but of the six quasars with z c 1 three are found to have 
z = 0.37 and a fourth has z = 0.36. Not only are they clustered in redshift-space, 
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but they are also clustered in the sky, as although the survey covers an elongated 
region of size 71° x 5° they all lie within a region 5 0 across, corresponding to a 
structure 100 h'Mpc across. The finding of such a cluster at this redshift by 
chance is very low, particularly as the spatial density of quasars at z = 0.37 is an 
order of magnitude below that at z 2. Webster (1982) estimated the probability 
of finding four of the six z < 1 quasars in such a cluster as 10-10, indicating 
that this is a real structure. The shape of the structure outlined by the quasars 
appears flattened in the plane of the sky, the width in redshift space corresponding 
to 25h'Mpc, whereas the greatest angular width corresponds to 78hMpc. It is 
possible that there are other quasars associated with the cluster that lie outside the 
survey geometry, as the width in declination is small, and the cluster extends fully 
across it, indeed one lies on the nominal boundary. To date, no further studies have 
been made of this group, either to identify further members outside the original 
survey, or to examine its galaxy environment and determine whether it is associated 
with a superciuster. 
1.9.2 The Crampton et al. Large Quasar Group at z 1.1 
The second quasar group found, and currently the largest in terms of numbers, is that 
of Crampton et al. (1987, 1989) and consists of 23 quasars at z 1.1. The group 
was identified from the quasar survey of Crampton et al. (1985) which identified 
quasar candidates from Canada-France-Hawaii Telescope (CFHT) blue grens plates 
that were observed spectroscopically with the Multiple Mirror Telescope (MMT), 
resulting in 149 quasars over the 4.8deg 2 1338+27 field. The 23 quasars have a 
mean redshift of 2 = 1.113 and a dispersion of iXz = 0.044, which corresponds to 
70h'Mpc, and the angular extent of the structure is 100 arcsec corresponding 
to 80h'Mpc, making it comparable in size to the Webster (1982) group, and the 
expected scale-length of large-scale structures. There is evidence for sub-clustering 
on scales of 20 h' Mpc within the group, with two compact groups of 5 and 9 quasars 
apparent. As for the Webster (1982) group, the structure impinges on the survey 
boundaries, the group of five quasars located 6 arcmin from the nominai northern 
edge of the survey, leaving open the possibility that the structure is of even greater 
size. 
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There have been a number of studies (Hutchings et al., 1993, 1995; Yamada 
et al., 1997; Tanaka et al., 2000, 2001) that have examined the galaxy environments 
of quasars from the Crampton et al. (1989) large quasar group to search for evidence 
of any associated large-scale structure. Hutchings et al. (1993) and Hutchings et al. 
(1995) present broad- (I?, I) and narrow-band (Ott 3727 A) imaging of 7 x 7arcmin2 
fields of 11 members (10 radio-quiet) of the z 1.1 Crampton et al. (1989) LQC. 
Excesses of 11- and I-selected galaxies are found for 10 out of 11 100 x 100 arcsec 2 
subfields centred on the quasars, with an average excess of 15 galaxies over the 
background of 25, a result significant at > Sc level. Several of the quasars also 
have excesses of blue (I? - I < 1.0) and emission-line galaxies indicating that the 
quasars are located in regions of enhanced star-formation, and Hutchings et al. 
(1995) suggested that most of the quasars are in compact groups of starbursting 
galaxies. 
The largest excesses of blue and emission-line galaxies are observed for the 
z = 1.086 quasar 1335.8+2834, which Hutchings et al. (1995) classified as radio-
quiet, but was confirmed later (Yamada et al., 1997) to be radio-loud from the VLJA 
Faint Images of the Radio Sky at Twenty Centimeters (FIRST) survey catalogue as 
a 169 mJy radio source. In total nine emission-line galaxies and 15 blue galaxies (of 
which five are also emission-line galaxies) are identified in the 100 x 100 arcsec 2 field, 
and the total excess of R, I-selected galaxies is 17-20, significant at the 3.5 a level. 
Yamada et al. (1997) and Tanaka et al. (2000) obtained new deep optical (R, I) and 
near-infrared (K) imaging of the field of this quasar. The optical images cover an 
area of 8.8 x 8.8 arcmin 2 centred on the quasar and are complete to I 23.5 and 
ft -.' 25, whilst the K data cover a region of 5 x 3arcmin 2 and are complete to 
K -- 19.5-20. Significant clustering of objects with very red optical- near-infrared 
colours of 4 1< I? - K 1< 6 and 3 1< I - K <1  5 is observed near the quasar. The colours 
and magnitudes of many of these objects are consistent with passively-evolving mas-
sive elliptical galaxies at the quasar redshift. This is confirmed by red sequences 
apparent at ft - K 5.3 and I - K 4.0, close to that predicted by the Kodama 
& Arimoto (1997) model for z = 1.1. 
The I - K against ft - I colour-colour diagram for K c 19 sources in the field 
of quasar 1335+2834 is shown in Figure 1.7. Evidence for clustering of massive 
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Figure 1.7: 1— K against B - I colour-colour diagram for K < 19 galaxies near the radio-loud 
quasar 1335+2834 from the z 1.1 Crampton et al. (1989) LQC. The differing symbols indicate 
the location of the galaxy within the 5 x 3 arcmin 2 field, with filled circles, open circles, and open 
boxes representing galaxies in the central third (centred on the quasar), the western third, and the 
eastern third of the field respectively. The sources indicated by large diamonds are the emission-
line galaxies found by Hutchings et al. (1993). The Coma C-M evolutionary models of Kodama 
& Arimoto (1997) for passively-evolving elliptical galaxies with My = — 22 and Mv = — 18.5 (at 
z = 0) are indicated by solid red and orange curves respectively. Each track shows the colour 
evolution from z = 1.5 to z = 0 with crosses at 0.1 redshift intervals. The effect of adding a 
secondary burst of star-formation is shown by the thin blue curves, where ftnjrst  indicates the mass 
fraction of the component that underwent a burst of star-formation 500 Myr before being observed. 
Taken from Tanaka et al. (2000) 
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ellipticals associated with the quasar is apparent in the form of sources near the 
quasar (shown as filled circles) with RIK colours consistent with the Kodama & 
Arimoto (1997) evolutionary model for massive elliptical galaxies at z c_ 1.1. Many 
more galaxies still have relatively red optical- near-infrared colours, but also show a 
significant UV excess with respect to passive-evolution models (manifested as blue 
V - I colours). These appear to be well described through the addition of a sec-
ondary star-forming component (shown as blue curve) to a z 1.1 passively-evolving 
population, suggesting that these are also galaxies at the quasar redshift, but with 
some recent star-formation. There are many more galaxies with the red optical-
near-infrared colours expected of galaxies at the quasar redshift in the third of the 
field containing the quasar (shown as filled circles) than the other two thirds (open 
circles and boxes), indicating that the cluster is associated with the quasar. An 
examination of the spatial distribution of the red galaxies (B - K > 4.5) indicates 
that the cluster is centred not on the quasar but on the brightest member of the 
cluster red sequence (having K = 17.27), 20arcsec (corresponding to 250 h'kpc at 
z = 1.086) to the west of the quasar (Yamada et al., 1997). The spatial distribution 
of the red galaxies appears as a filamentary structure extending in the north-south 
direction, about 30arcsec wide and at least 150arcsec ( 2h'Mpc) long, reach-
ing the southern boundary of the K image. Indeed there is evidence of clustering 
beyond the K imaging from the spatial distribution of optically-red (B - I > 1.3) 
galaxies indicating that the filament extends further south, and another filamentary 
structure is apparent extending for r 
 200-300 arcsec along the southern edge of the 
K image (Tanaka et al., 2000). A comparison of the data of Hutchings et al. (1993) 
and Yamada et al. (1997) indicates that the emission-line galaxies are located pref-
erentially along either side of the filament, just as the quasar is, suggesting that the 
quasar- and star-formation is restricted to the periphery of the clustering. 
In a further study to identify signs of large-scale structure associated with the 
Crampton et al. (1989) LQG, Tanaka et al. (2001) present deep optical (B, I) imag-
ing of a 48 x 9 arcmin 2 (35 x 6.5 h 2 Mpc2 ) field containing five members of the Cramp-
ton et al. (1989) group. A colour-magnitude selection criterion of 1.2 < B - I < 1.6 
and 21 cc I c 23.5 is used to identify those sources likely to be passively-evolving 
galaxies associated with the group. Figure 1.8 shows the smoothed density map 
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Figure 1.8: Large-scale structure traced by the z 	 1.1 Crampton et al. (1989) Large Quasar 
Group. A smoothed density map of red galaxies with 21 < I < 23.5 and 1.2< R - 1< 1.6 across 
the whole 48 x 9 arcrnin 2 
 region studied by Tanaka et al. (2001), with the regions of high density 
indicated by yellow and red colours and regions of low density indicated by blue colours. The 
plotted contours indicate the 2 a, 3 a and 4 a significance levels of galaxy number density above 
the rms level. The locations of the five z 1.1 quasars from the Crampton et al. (1989) LQG are 
indicated by asterisks. Taken from Tanaka et al. (2001) 
of these galaxies across the whole field, with high-density regions indicated by red 
and yellow colours and low-density regions indicated by blue colours. A filamentary 
structure is apparent along the southern edge of the field, made up of at least five 
clusters (indicated by labels cLl-cLS, extending for 20-30arcmin (14-22h 1 Mpc). 
Tanaka et al. (2001) classes four of the five clusters as of Abell richness class i-.' 
 0, 
with cluster cL2, previously identified by Yamada et al. (1997) and Tanaka et al. 
(2000), classed as of richness class 2. The five z 1.1 quasars are indicated by 
asterisks, and it is notable how they trace the underlying largescale structure of 
red galaxies. However, four of the five (all radio-quiet) quasars do not appear to be 
associated directly with any of the clusters/groups, and only the radio-loud quasar 
previously studied by Yamada et al. (1997) and Tanaka et al. (2000) appears asso-
ciated with the rich cluster identified as cL2, although as discussed previously, it 
is located on the periphery of the clustering rather than in the cluster core. The 
detected signature of a possible supercluster at z 1.1 may be the first direct in-
dication of the association of large quasar groups with large-scale structure at high 
redshifts, although spectroscopic observations to determine the redshifts of the red 
galaxies which make up the apparent large-scale structure will be needed to confirm 
this picture. 
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1.9.3 The Clowes-Campusano Large Quasar Group at z 1.3 
The third quasar group, and the largest spatially, is the Clowes-Campusano Large 
Quasar Group (Clowes & Campusano, 1991, 1994; Graham et al., 1995), and consists 
of 18 quasars at z ± 1.3. The UK Schmidt objective-prism plate UJ5846P of 
ESO/SERC field 927 (field centre 1040m008 +050 00'00") was examined and quasar 
candidates selected by, one or both of emission lines and ultraviolet excess, using the 
AQD (Automatic Quasar Detection - Clowes et al., 1984) method, for spectroscopic 
observations with the CTIO 4-rn Blanco telescope, resulting in 118 quasars over the 
25.3 deg2 
 field (Clowes & Campusano, 1991, 1994; Clowes et al., 1999a), along with a 
further 27 that had been previously identified in the same field (Keable, 1987). The 
redshift distribution of the first half of the sample (56 from Clowes & Campusano 
(1991, 1994) and 5 from Keable (1987) that had been re-observed) shows a peak 
of 10 quasars at 1.2 < z c 1.4, well away from the redshift range of 2 CzC 2 .5 
where the survey is expected to find most quasars. These 10 quasars are found to 
be spatially correlated also, with nine of them located in one half of the field, above 
the north-west—south-east diagonal. A further three quasars with 1.2 < z < 1.4 are 
identified in the data of Keable (1987), along with a further five in the second half 
of the quasar sample (Clowes et al., 1999a), taking the number of quasars in the 
group to 18. The spatial correlation is still observed after the addition of the eight 
other quasars, as can be seen in Figure 2.1 which shows the spatial distribution of 
the 18 quasars in relation to the survey boundaries. The quasars appear to forrn 
a large, elongated group with angular sizes r.i 
 1° and - 2.5-5°, corresponding to 
50h'Mpc and r..#120_240h'Mpc respectively at z - 1.3. The quasars have a 
mean redshift of i = 1.267 and a redshift dispersion of zXz = 0.056 corresponding 
to a depth of 165 h'Mpc in the redshift direction. As for the previous two quasar 
groups, the Clowes-Campusano LQG extends fully across the survey geometry, and 
so the full extent of the group is not yet clear, but even so it is comparable in size 
to any other structure known in the universe (e.g. Tully et al., 1992). 
To date, apart from the work described in the remainder of this thesis, the only 
study to examine whether this quasar group traces an underlying mass distribution 
is that of Williger et al. (2000). The redshift distribution of Mgii absorbers in 
the spectra of quasars behind the Clowes-Campusano LQG (i.e. in the same half- 
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Figure 1.9: The redshift distribution of Mgn absorbers towards the Clowes-Campusano LQG 
(shown as open diamonds). The expected redshift distribution, given the spectral coverage, and 
using the statistics of Steidel & Sargent (1992) for weak [Wo(MgiiA2796) > 0.3A] absorbers is 
shown by the thin (lower) dashed line; it is half of the number detected, implying an overdensity of 
5 a significance over the whole redshift range. The distribution normalised to the observations is 
shown by the thick (upper) solid line, with 1 a
- scatter determined from 200 random distributions 
of Mgii absorbers shown by the dotted lines. Taken from Williger et at. (2000) 
diagonal of the quasar survey of Clowes & Campusano (1991, 1994)) was examined 
to search for indications of gas associated with the quasar group. Evidence in favour 
of an excess of gas associated with the quasar group is found in the form of a 3.4 c 
overdensity for the redshift range 1.2 c z < 1.3, with 11 absorbers detected whereas 
only 4 would be expected (see Figure 1.9). The Kolmogorov-Smirnov test rejects 
the null hypothesis that the observed redshift distribution is drawn from the Steidel 
& Sargent (1992) distribution at a level of significance of 0.003. 
1.9.4 Other Large Quasar Groups 
To establish the full extent of the Clowes-Campusano LQC, the Chile-UK Quasar 
Survey (CUQS) was undertaken. The survey aims to cover 140 deg 2 of sky centred 
on the Clowes-Campusano LQC in order to establish the full extent of the structure. 
Quasar candidates are selected by ultra-violet excess (uj—bj c —0.3) to a magnitude 
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limit of bj = 20 and are observed using the 2.5-rn du Pont telescope at Las Campanas 
Observatory in Chile. As part of this survey, Newman (1999) reports the discovery 
of a group of 13 quasars at z = 1.53 with a spatial extent of 200 x 120 x 125 h -3 Mpc3 . 
The shape of the group resembles three intersecting filaments. The first filament 
runs approximately east-west at z 1.49, a second filament runs approximately 
north-south at z 	 1.60, and a third filament connects the first two. 
To identify large quasar groups in other quasar surveys, Graham et al. (1995) 
describe and use a graph theoretical rnethod, the minimal spanning tree (MST). 
Any distribution of points, such as the positions of quasars in redshift-space, has an 
associated unique network, called its minimal spanning tree, which is defined as the 
network that connects all the points with the minimum total length of edges (lines 
connecting two points). By progressively rernoving the edges in descending order of 
length until the nurnber of structures (any set of connected points) is maximised, any 
significant structure still rernaining is likely to be a real association. The significance 
and morphology of the remaining structures can be determined by comparing the 
rnean and standard deviation of edge lengths with that for a Poisson distribution 
(Barrow et al., 1985). The minimal spanning tree structure finding algorithm was 
applied to six quasar surveys: Clowes & Carnpusano (1991, 1994); Crampton et al. 
(1987, 1989); Osmer & Smith (1980); Osmer & Hewett (1991); Cristiani et al. (1989); 
and Hawkins & Veron (1993). As a demonstration of the validity of the MST 
approach, the known quasar groups of Webster (1982), Clowes & Carnpusano (1991, 
1994) and Crarnpton et at. (1989) are rediscovered. In the Osmer & Hewett (1991) 
quasar survey, a new quasar superstructure is identified of ten quasars at z 1.9, 
with a spatial extent of 170 x 130 x 30 h -3 Mpc3 . In the Cristiani et al. (1989) survey 
there is no significant structure among the quasars, but amongst the Seyfert galaxies 
there is a connected group of seven objects at z = 0.19 forming a structure of extent 
60 x 30 x 10h 3 Mpc3 . 
Komberg et al. (1996) applied the friends-of-friends structure finding algorithm 
to a combined list of quasar surveys, the Veron-Cetty & Veron (1991) catalogue of 
quasars. By selecting those structures detected that contained 10 or more quasars, 
and had a comoving quasar density twice that of the background one, they identified 
12 candidate large quasar groups, including some that had been previously identified 
01 
(e.g. Crampton et al., 1989; Graham et al., 1995). 
As a result of the observations of Hutchings et al. (1993, 1995), Komberg & 
Lukash (1994) and Komberg et al. (1996) suggested that as the individual quasars are 
associated with apparently young clusters of galaxies, then the groups are likely to 
be tracing the locations of enhanced-density regions which develop later into quasi-
linear systems such as the local "Great Attractor" or Shapley concentration, and 
hence LQGs represent the progenitors of "Great Attractors" at high-redshifts. They 
also claim that not only were the LQGs of a comparable size to these local large-scale 
structures, but that the comoving number densities of LQGs and local superclusters 
are comparable. It is however difficult to draw many conclusions from the study 
of Komberg et al. (1996) regarding this claim given the significant heterogeneity of 
the Veron-Cetty & Veron (1991) catalogue. It will only be possible to estimate the 
statistical properties of LQGs in terms of number, size, and redshift distribution, 
once large homogeneous surveys such as the 2dF and SDSS quasar surveys are 
completed. It is not possible to use the recently released 10k catalogue from the 2dF 
quasar survey for this purpose as the coverage is very patchy and inhomogeneous 
due to the observing strategy used, and even when the final catalogue is released, 
the elongated survey geometry is far from ideal for studying large quasar groups. 
It has been suggested that the Large Quasar Groups could alternatively be merely 
regions of enhanced quasar formation that are not necessarily associated with any 
density enhancement (Silk & Weinberg, 1991). It does however appear unlikely that 
such a region of enhanced quasar formation would extend over such large scales if 
not associated with any underlying overdensity in terms of mass (Graham, 1997). 
The studies of the quasar two-point correlation function (Groom et al., 2000) and 
power spectrum (Hoyle et al., 2001), as well as those into the galaxy environments 
of quasars (e.g. Wold et al., 2000, 2001; Hall & Green, 1998), all indicate that 
quasars trace the galaxy distribution in a relatively unbiased manner, and are on an 
individual basis commonly associated with mass in the form of groups and clusters 
of galaxies. Finally, recent studies examining the association of large quasar groups 
with mass in the form of gas (Williger et al., 2000) and galaxies (Tanaka et al., 
2001), support the hypothesis that large quasar groups trace an underlying structure 
extending over large-scales. 
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Chapter 2 
Ultra-deep Imaging of the Clowes- 
Campusano Large Quasar Group 
2.1 Introduction 
The primary objective of this study is to determine the galaxy environment of 
quasars in the Clowes-Campusano LQG, and to examine the hypothesis that LQGs 
trace large-scale structures. To do this requires observations which satisfy the fol-
lowing requirements. 
Detection The images have to be sufficiently deep to detect 'typical' galaxies at 
the redshift of the LQG. To put this in context, our Galaxy, if observed at a 
redshift of 1.3, would have B 26.7, V 26.3, R 25.3, 1 24.7. 
Identification There needs to be sufficient colour information to obtain photo-
metric redshift estimates that at least allow the identification of high-redshift 
galaxies on a statistical basis, so that any associated clustering can be iden-
tified. The optimal choice of passbands for identifying quiescent galaxies are 
those which straddle the 4000 A break, which at the LQG redshift correspond 
to I and K. The addition of further passbands with rest-frame wavelengths 
of 2000-10000 A then improves the accuracy of the estimate. The technique 
of photometric redshift estimation will be described fully in chapter 4. 
Width The field observed has to be sufficiently large to identify any large-scale 
structure associated with the LJQG. In other words, it must be significantly 
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Figure 2.1: The Clowes-Campusano Large Quasar Group with each quasar labelled by its redshift. 
The 30 x 30 arcmin 2 
 region targeted for BTC imaging is indicated by the box, and the quasar for 
which K imaging has been obtained, the results of which are described in Chapter 5, is circled. The 
boundaries of the plot match the boundaries of the AQD survey of ESO/SERC field 927 (Clowes 
& Campusano, 1991, 1994; Clowes et al. 1999a). 
larger than typical cluster sizes, giving us a minimum comoving field size of 
the order 10h'Mpc. 
This chapter describes the obtaining and reduction of ultra-deep wide-field opti-
cal images to meet these requirements. A 30x30arcmin 2 field centred on 
+050 32'00" (J2000) and containing three of the quasars from the Clowes-Campusano 
LQC was observed on the nights of 21/22 and 22/23 April 1998, using the Big 
Throughput Camera (BTC) (Wittman et al., 1998) on the 4-rn Blanco telescope 
at the Cerro Tololo Interamerican Observatory (CTIO) in Chile. One night was 
devoted to each optical broadband filter, reaching V ± 26.5 and I 26.0 in places, 
and resulting in catalogues of 10 5 sources. 
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Unfortunately, there are no near-infrared instruments comparable with the BTC, 
and so it has only been possible to obtain K imaging for selected subfields using 
the UFTI camera on the 3.8-m United Kingdom Infra-Red Telescope (UKIRT). 
In March 1999, a 2.25 x 2.25 arcmin 2 field centred on the z = 1.226 quasar at 
10h46m56708 
+05041'50.5" was observed, reaching K 20. A second field, con-
taining the z = 1.306 quasar at 10h47m33•178, +050 24'54.9" was observed using the 
same camera in May 2000. The results and analysis of these data are described in 
Chapters 5 and 6. 
2.2 BTC Observations 
The Big Throughput Camera had, at the time of observing, the greatest throughput 
(in terms of flux) of any camera in the world, with a 30 x 30 arcmin 2 field on the 4-rn 
Blanco telescope at CTIO, rnaking it the ideal instrument for obtaining ultra-deep 
imaging (to V 27) for a cosrnologically significant region. A particular example 
of its use has been in the Supernova Cosmology Project of Perlmutter et al. (1999) 
where its ability to cornbine depth with wide field has allowed the simultaneous 
observation of tens of thousands of galaxies, and rnade the multiple detection of 
high-redshift supernova feasible. 
The first decision to be made regarding observing strategy is the selection of 
field. Although the BTC has the largest field of any 4-rn telescope instrument, 
it is still an order of magnitude smaller than the 5 x 5 deg 2 region covered by 
the Clowes-Campusano LQC. The field centred on 10h147m303, +05°32'OO" (J2000) 
was chosen to be located near the centre of the [MG,  and to contain three (the 
maxirnurn possible in one field) quasars from the group. The size and location of 
the field in comparison with the LQG is shown in Figure 2.1. The chosen field also 
contains four background quasars from the quasar survey of ESO/SERC field 927 
(Clowes & Campusano, 1991, 1994; Clowes et al., 1999a), although one of them 
(with z = 1.738) is within a few arcsec of the field's southern edge. The angular 
positions of the quasars are given in Table 2.1 along with their B magnitudes and 
redshifts. 
The BTC optical observations took place on the nights of 21/22 and 22/23 April, 
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RA (J2000) Dec (J2000) m5 z Reference 
1046m56 7P +05°41'50 2" 18.62 1.226 0091 
10h47m33173 
+05°24'54.9" 17.87 1.306 0091 
10h48m00 41' +05°22'09 6" 19.69 1.230 0091 
10h47m21 588 +050 13'48 4" 19.33 1.738 0091 
10h48m40 098 
+05°35'51 2" 18.66 1.968 0091 
10h46m42 838 +05°31'07 1" 19.18 2.682 00099 
10h46m31858 +05°20'09.8" 19.98 1.426 N99 
Table 2.1: List of quasars in the BTC field, including their B magnitudes and redshifts. The.first 
three are the LQG quasars, and the remaining four are background quasars. The reference column 
indicates whether the data are taken from Clowes & Campusano (1991, 1994) [CC91], Clowes et al. 
(1999a) [CCG99], or Newman (1999) [N99]. 
1998. At that time of year, the field becomes too low in the sky to observe at 2am, 
giving a total observing window of only 5-6 hours per night. Given that at least 
4 hours were needed to reach the required depths in each broadband filter, it was 
decided to spend one night each with the V and I filters. The reasons behind the 
choice of filters from the UBVRI set are as follows: 
• I was chosen above all others, as although all filters correspond to rest-frame 
wavelengths shortwards of the 4000 A break, the I filter is the reddest and 
so least affected by star-formation and is the optimal for photometric redshift 
estimation in combination with near-infrared photometry. 
• U and B were rejected as they correspond to rest-frame UV, and the U was 
also rejected as the CCD is least sensitive at that wavelength resulting in 
prohibitive exposure times. 
• V was chosen above I? as the effect of redshift and star-formation on the V - I 
colour are likely to be double that for I? - I, and so the effect of photometric 
errors are halved. 
The BTC is made up of four 2048 x 2048 CODs which have pixels of size 
0.43 arcsec, giving a field of view for each CCD of 14.7 x 14.7 arcmin 2 . The CODs 
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Figure 2.2: Geometry of BTC CCD array. For each CCD, the origin of the output image is 
represented in the figure by (1,1) (CCD #4  is inverted). North is towards the top, and east is to 
the left. 
are arranged in a 2 by 2 grid, and are separated by gaps of 5.6arcmin, as shown in 
Figure 2.2. 
As the camera does not have a contiguous field of view, it is necessary to shift 
the camera between exposures to obtain a contiguous image, and uniform coverage 
is impossible. However, after devising and comparing various observing strategies 
in which the camera is shifted between exposures, it was found that near-uniform 
coverage, over a 29.4 x 29.4 arcmin 2 field, could be attained from a 4 by 4 grid of 
pointings, with each pointing offset by the gap width to adjacent pointings, as shown 
in Figure 2.3 (left), with each pointing observed in the order indicated by its label. 
This results in r.s 75% of the field being covered by exactly 9 out of the 16 
pointings, as shown by Figure 2.4 (left). The pointing order was chosen to maximise 
the uniformity of the combined exposures to a given stage, in order to minimise the 
effect of incompleteness due to changes in weather conditions or telescope faults. 
However, given the 2 minute readout time between exposures, it was only feasible to 
complete one circuit of the 16 exposure pattern, and so a backup pattern was devised 
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Figure 2.3: Relationship and order of pointings for both the original 4 by 4 grid pattern (left), 
and the reserve 5-pointing pattern (right). 
in case of problems early on in the night. This could be completed several times 
during the night, thus reducing the effect of a significant loss of time on uniformity. 
The pattern involved 5 exposures, four forming a 2 by 2 grid of pointings, each 
separated by the CCD gap width, plus another in the centre of the grid, shown in 
Figure 2.3 (right). The coverage of the reserve pattern is shown in Figure 2.4 (right). 
Artifacts from the flat-fielding process can occur if the same source falls on the same 
pixel of a CCD in separate exposures, and so after each circuit of 5 pointings the 
telescope is shifted with respect to the centre by 30 arcsec in a random direction. 
On the first night of observing the weather was good, and the V imaging was 
obtained using the original 4 by 4 grid pattern, with each exposure of 900 sec. Half-
way through the night there were problems with the camera shutter not closing after 
an exposure and the software losing the data, and so approximately one hour was 
lost, and the last few target exposures were at very high airmasses (2-3). On the 
second night, thin cloud and more problems with the camera shutter caused a similar 
loss of one hour's observing at the start of the night, and so it was decided to change 
to the reserve pattern for the I imaging in case of more problems. Fortunately, no 
more problems arose and we were able to complete three circuits of the 5 exposure 
pattern, producing 15 exposures of 1080 sec each. 
Ten bias frames were produced before observations started each night. To 
calibrate the photometry, after the target field had set, the standard star fields 
P01323-086, P01633+099 and MARK A from Landolt (1992) were observed in 
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Figure 2.4: Coverage of the field by the 4 by 4 grid pattern (left), and for the reserve 5 exposure 
pattern (right). The numbers in each region represent the number of exposures per circuit which 
cover that region. 
both filters, with 4 x 5 sec exposures positioned so that the field is centred on each 
of the four CCDs in turn. Each field contained four or five standard stars with 
(12.0 .c V < 16.0), and fields were chosen to lie at varying airmasses (1.2-2.3) 
to allow the atmospheric extinction coefficient for each filter to be calculated. Fi-
nally, so that the distortions produced by the BTC camera optics could be modelled 
and removed, two USNO astrometric fields, centred at 16hh13m443, 
 000 01'50" and 
18h47m445 000 0105hl were observed for 30sec in both filters. 
2.3 Reduction of the BTC Images 
2.3.1 Summary 
The images produced by CCD cameras are affected by the characteristics of the CCD 
and camera, such as biasing, spatial distortions, and sensitivity variations across the 
array, and so before any analysis of the data is possible, it is necessary to remove 
these instrumental signatures through data reduction. 
The BTC has mostly the same generic characteristics as other cameras, and so 
the standard reduction tools of the IRAF software package were used to perform 
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much of the reduction, such as bias subtraction and flattening. However the BTC 
suffers from significant spatial distortions which required the use of astrometric fields 
to fit parameters to a distortion model supplied by the camera's development team 
(Dell'Antonio & Bernstein, 1997). Self-written code was developed to determine 
these parameters which then define the transformations which are applied to the 
images within IRAF. Throughout the reduction processes the images produced by 
each of the four BTC CCD arrays were considered separately. 
2.3.2 Initial Reduction Steps 
The IRAF zerocombine tool was used to combine the ten bias frames taken each 
night into a master bias frame, using the median value for each pixel after rejecting 
both the minimum and maximum values. This master bias frame is then subtracted 
from each of the target images. A regular narrow striping effect is noticeable in 
the bias frames, where the pixel counts are on average 5-8ADU lower than the 
remainder of the bias image, and is shown in Figure 2.5. The horizontal position of 
the narrow stripes are not coincident from frame to frame, and so do not appear on 
the master bias. As a result they cannot be removed from the target frames, but 
the co-adding process should mean that the stripes do not appear in the final target 
image, and their effect on photometry should be negligible in any case. 
The unilluminated rows and columns on the edge of each image were removed 
along with the overscan region (area that measures the changes in bias levels be-
tween images but which was not used here), using the IRAF ccdproc tool, with the 
trim data parameter set to [2:2047,2:2048] for all four CODs, leaving an image of 
2046 x 2047 pix 2 for each CCD. 
For each image a bad pixel file was generated, describing the location of the bad 
columns and regions, so that they can be interpolated across using ccdproc. As 
well as the bad columns/regions which are artifacts of the CCD and so constant 
throughout the night, the vertical lines apparent through the brightest stars are 
interpolated across. These lines are caused by the leakage of electrons along the 
readout axis from heavily saturated pixels. Their removal is mainly a cosmetic 
exercise, as the same area of sky tends to get affected on all exposures, so that the 
true data cannot be recovered. The number and extent of the vertical lines through 
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Figure 2.5: A bias frame taken from the first night with CCD #1 The white vertical line, 
two-thirds of the way to the right, is the same bad column as in Figure 2.6. The apparent regular 
black striping effect varies from frame to frame and so cannot be removed from the individual 
target exposures. 
bright stars are much greater for the I-band rather than the V-band exposures, as 
the background levels are much closer to the pixel saturation level of 65000 ADU. 
The nature of both the bad columns and vertical lines through bright stars are 
apparent in the raw image shown in Figure 2.6. 
It soon became apparent that CCD #1 was much worse than the other three. 
Figure 2.7 shows the count levels across the array (averaged over 10 rows) for each 
of the four CCDs from the first 900 sec V-band target exposure. It is clear that 
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Figure 2.6: A raw BTC image of the quasar group, corresponding to a field of 14.7 x 14.7 arcmin 2 . 
This is the first 900 sec exposure of the target field taken by CCD #1 through the V filter. The 
large c!oudy splodge in the centre of the image, and the cloudiness apparent towards the edges are 
purely CCD artifacts, and are removed during the flat-fielding process. The black vertical line, 
two-thirds of the way to the right is a bad column, which is removed by interpolating across it. 
The vertical lines through the brightest stars are due to leakage of electrons along the readout axis 
from heavily saturated pixels, and are also cosmetically removed by interpolation. 
whereas CODs #2-4 have typical count levels of 8000 ADU, and variations over the 
array of 5%, CCD #1's count levels are generally around 4000 ADU, with a 50% 
increase between columns 1000 and 1500 due to the cloudy splodge of Figure 2.6. 
The loss in sensitivity of CCD #1 meant that those areas of the BTC field 
predominantly observed through CCD #1 had a reduction in magnitude limit, so 
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Figure 2.7: A comparison of sensitivity of the four CCD arrays. The curves correspond to the 
average ADUs of 10 adjacent rows in each of the four CCDs from the first 900 sec target V exposure 
(the raw image from CCD #1 is shown in Figure 2.6. The effect of bright stars (and in particular 
the vertical lines described earlier) can be seen as sharp peaks in the curves, the most obvious 
being that in CCD2 near column #720, and an attempt was made to minimise this contamination 
through the choice of rows. The sharp peak at column #1480 in CCD1 is due to the bad column 
visible in Figure 2.6. 
that the desired uniformity over the BTC field is reduced, and the large variations in 
sensitivity across the array caused problems when it came to flat-fielding, as will be 
described later. The effect of CCD #1 on the I imaging was less severe, as the loss 
in sensitivity against the other CCDs was 35% rather than the 50% loss observed 
for the V images, and the variations across the CCD were much smaller, and were 
successfully handled by the flat-fielding procedure. 
To remove the inter-pixel differences in sensitivity across the CCD, a flat-field 
image is required, which is an image of a uniformly illuminated field. As there were 
a sufficient number of exposures from differing pointings, the images themselves 
could be used to produce a superfiat image using the IIIAF flatcombine tool. Each 
image was scaled by its modal value to normalise the sky background levels, before 
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being combined by the median, with sigma clipping rejection (pixel values 3 Cr above 
the median are ignored) to remove stars, producing the superfiat image. It was 
immediately apparent that the flat-fielding of the CCD #1 V-band images was not 
successful, with the cloudy structures of the raw image still visible. An examination 
of the images and their FITS headers indicated that the CCD temperature had 
changed significantly halfway through the night from 176 K to 188K, at the same 
time as the problems with the shutter closure mechanism, and that this appeared to 
have affected the sensitivity of the CCD. To account for this, the CCD #1 images 
were separated according to their temperature, and two flat-field images produced. 
The temperature of the other three CCDs was found to change at the same time, 
but as the variations across the arrays were an order of magnitude smaller than 
CCD1, the temperature change had a negligible effect on the flat-fielding process. 
Normally, at this point the images are flattened by dividing by the corresponding 
flat-field, but as the BTC has significant non-linear spatial distortions, these have 
to be transformed away before flattening to maintain image flatness. 
2.3.3 Distortion modelling and removal 
One of the problems inherent in using wide-field cameras such as the BTC is that 
the effect of non-linear distortions, produced by the camera optics, is no longer 
negligible. In order to successfully register images from different pointings these 
distortions must be first modelled and removed using transformations. 
To do this requires a control image where the physical angular positions, (a, 6), 
of a large number of stars are known to high accuracy. A distortion modelling 
program is then run which takes the (x, y) position of each source on the CCD, and 
determines the transformations which best map these (x,y) coordinates onto the 
(a, 6) coordinates. 
To make this process possible, a number of astrometric fields spaced along the ce-
lestial equator have been observed by the United States Naval Observatory (USNO). 
The result is a catalogue of all the sources in the field with my 19.5 with 
their angular positions determined to an accuracy of - 0.15 arcsec. During the 
observing run, two of these astrometric fields, centred at 16h113m448, 
 —00°01'50" and 
18147m448, _00 001j05n , were imaged in both V and I passbands. 
MEV 
The (XCCD, yccD)  positions of the 	 300 brightest sources in the CCD image 
are determined using daophot, which finds the centres and instrumental magni-
tudes of the sources through point-spread function fitting. The CCD image (with 
the sources labelled using tvmark) is visually compared with a Digitized Sky Sur-
vey (DSS) image of the same field, which is displayed using GAlA with the USNO 
catalogue (downloaded from the internet within GAlA) sources labelled upon it. 
The (XCCD, yccD) and (a, 8) of each of the USNO sources labelled in the CCD im-
ages are stored as ordered lists in the form of eight text files, two for each CCD, 
named BTC_CCDLxy.txt, BTC_CCD1_usno.txt etc., ready for input into the distor-
tion modelling program BTC_distortions .f. 
The causes of the distortions in the BTC are known, and can be modelled as 
a series of transformations with free parameters (Dell'Antonio & Bernstein, 1997), 
which are described below. 
Place origin at Telescope Centre The CCD (xccD,yccD) and physical an-
gular (a, 8) coordinates are related to one another by choosing a reference point, 
the telescope centre, and making that the origin for both coordinate systems. The 
four CCD arrays of the BTC are translated and rotated onto a common coordi-
nate system, (x3, 1/3 ) , whose origin is taken to be the telescope centre, through the 
transformations 
Z XCCD \ ( 
( x
3 	 ( cosO 	 sin O i 
 X orner \ I 
3 
 j 	 - sinO cosO' Yorner I = 	 J 	
YCCDJ, 	
(2.1) 
1 
where O is the clockwise rotation of CCD i, and (x orner , Yorner) is the translation 
vector from the bottom-right-hand corner of each CCD to the telescope centre in 
pixels. 
A sine projection about the telescope centre, (a t61, Stet)  is constructed, so that 
the angular coordinates of the point, (a, 8), relative to the telescope centre are given 
by 
u= sin(a—a6j)cos8 	
(22) 
v = sin(8 - SEe!) + [1 - cos(a - a t6,)] sin(/J - Stel) cos S. 
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CCD corrector lenses The BTC has corrector lenses above each of the CCDs 
to place the focal plane on the CCD arrays, the consequences of which are the mag-
nification of each CCD image by the lens, and the distortion due to the breakdown 
of the thin lens approximation. 
The combined CCD coordinates x 3 are mapped onto the ideal focal plane coor-
dinates Xpp using the corrector lens transformation 
_________ 	 + - 2 \ (xpp 
- xl) (i +s) = 	 - 	 + ( 1)I 	 (i + 	 2 
 —1 
5) (2.3) 
t 	 (1—s—o.o2)x 3 — (1—s)xL, 
	
(2.4) 
where xL are the locations of the corrector lens centres which are assumed to be at 
the centres of each CCD, and the RI  are their radii of curvature. The refractive 
index ij of the lenses is taken to be 1.46, and the magnification, 1 + s, of each of 
the CCD corrector lenses are known to be - 
CCD#1 1.001673336 
CCD #2 1.002482473 	
(2.5) 
CCD #3  1.003383333 
CCD#4 1.001731257 
The RI  are related to each other by their magnifications through RI = R/(1 + s1) 
leaving one free parameter, the radius of curvature constant R. 
Telescope distortion The largest distortions produced in the images are due to 
the prime focus corrector optics, being around 60 pixels at the corners of the array. 
It is assumed that the telescope optics have an axis of symmetry (which is translated 
with respect to the telescope centre by the vector XFA), a plate scale, s, and that 
only the cubic (f9 and quintic (f) distortion terms are of significance. The ideal 
focal plane coordinates, xpp are mapped onto the observed angular coordinates 
(u063 , v06 3 ) by the transformation, 
	
Uabs = s xpp (i + j3 kc - XPA 2 + f5 JXFP - XFAI. 
	
(2.6) 
Differential atmospheric refraction Atmospheric refraction makes all sources 
in the sky appear closer to the zenith. If z0 is the observed zenith angle, the true 
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zenith angle Ztrue is given by 
sin 2true = q sin 	 (2.7) 
where q is the index of atmospheric refraction. 
The main effect of differential refraction is a slight stretch along the zenithal 
direction which can be modelled using the transformation 
	
( Ut 
'1 	 ( 1 + csin 2 p —ccospsinp ) ( u 	 , 	 (2.8) = 	 I 
	
Vt 
 J 	 \ —ccospsinp 1 + csin 2 p 	 v0b, j 
where p is the parallactic angle of the telescope axis, and c = (zj - 1) tan 2 z0. 
The distortion modelling program The self-written FORTRAN distortion mod-
elling program BTCAistortions.f takes as input the eight text files containing the 
CCD (x 1 ,y 1 ) and USNO (ct 1 ,fl') coordinates for each of the four CCDs. It then 
uses this data to iteratively optimise thedistortion parameters by performing the 
above transformations, and minimising the error between the actual and transformed 
(it', v 1 ). 
In total there are 19 free parameters: 12 describe the four CCD positions and 
orientations relative to the telescope centre; five describe the distortions due to the 
prime focus camera optics (two define its axis of symmetry relative to the telescope 
centre, plus the plate scale, cubic and quintic distortion terms); one describes the 
radii of curvature of the corrector lenses; and one gives the refractive index of the 
atmosphere. Each of the 19 free parameters are given suitable initial values, p,  and 
increments, Sp. 
For the nth iteration of the program, the (x 1 , y 1 ) positions are transformed using 
the current values of parameters, p  through each of the above transformations in 
turn, producing the transformed angular positions, (u,vfl. 
The rms error is determined to quantify how accurately the transforms match 
the actual distortions, through 
E= 	 (u1_t4)2+(vi_v)2. 	 (2.9) 
Each parameter is then varied in turn, so that the transforms are repeated using 
the values p - &p, p and p + 8p, producing rms errors of E(p, - 5p), E(p) 
and E(p + öp) respectively. By fitting a quadratic to the three ioints on the E 
versus p plot, an estimate of the optimal p 1 value can be made as the minimum of 
the function 
= 2E( 
- Sp) - 4 E&n) + 2E($ + 	 (2.10) 
The new values for p1 and op1 are taken to be 
= 	 +(_) 	 (2.11) 
= 	 I4-I. 	 (2.12) 
In other words, the p.1 are moved one-third of the way to the estimated optimal 
value, before starting the next iteration. 
The USNO astrometric catalogue was produced by digitising the photographic 
plates of the first Palomar Observatory Sky Survey (POSS I) using the Precision 
Measuring Machine (PMM).There are two key differences between the POSS I plates 
and the BTC images which are likely to affect the quality of the astrometric fit. 
Firstly, the USNO plates have a limiting magnitude of 0=21, E=20 in comparison 
to the limiting magnitude of the individual BTC images of V = 25.5, 1 = 24.5. As a 
result, there are sources that could not be resolved in the POSS I plates but that are 
clearly resolved as double or extended sources by the higher quality BTC images. 
This means that the source centres as perceived by the source extraction software 
may not be due to the same source. The second source of error in any astronietric 
fit is due to the significant time difference between the two epochs of observation. 
The POSS I survey was carried out on the 48-in Oschin Schmidt Telescope at the 
Palomar Observatory between 1950 and 1957, whereas the BTC observations were 
made in 1998, a gap of 40-45 years. Most of the sources in the USNO catalogue 
are stars, some of which are presumably relatively nearby. As a result, a number of 
these sources will have proper motions that are large enough that, over the 40-45 
years between observations, they have moved measurably across the celestial sphere 
(i.e. Z0.Sarcsec). In order to minimise the error of the distortion model, once the 
parameters have been allowed to settle (after 800 iterations), these dubious sources 
(about 1% of the total) are removed by deleting those sources whose individual 
positional errors are greater than twice the rms error. 
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After 10000 iterations the p1 are found to have stabilised to their optimal values, 
and so the program is terminated and the final values for the parameters output to 
the file BTC.Iinal_params .txt, as shown in Table 2.2. A comparison of the relative 
sizes of the final values for pi and Spi confirm this stabilisation, with 8p1/p1 10 
for all of the parameters, and often at the 10_8_1_1 
 level. The resultant rms 
error in position of the sources in the BTC images relative to the USNO catalogue 
was 0.3arcsec. This error includes the internal positional errors of the USNO 
catalogue (thought to be 0.15 arcsec), the errors due to the proper motion of the 
sources, as well as the internal errors due to the distortion model and the source 
extraction process. As will be shown later, the internal errors from the distortion 
model are only a small fraction of this value. 
The parameters determined above can now be used to define the transforma-
tions that undistort each exposure that are to be performed using the IRAF geotran 
tool. The FORTRAN program geo2.f takes as input the distortion model parame-
ter file BTC.±inalQarans.txt and a short text file imagenarne.txt describing the 
time and location of observation for the image to be transformed, and creates the 
transformation files which can be read by geomap. 
Intotal 12 transformations are defined, three for each of the four CCDs, as the 
full transformation has to be performed in three stages: the distortions due to the 
prime focus camera optics; the distortions due to the CCD corrector lenses; and 
the distortions due to atmospheric refraction. The transformation files produced for 
each CCD are called imagerzame . CCDLgeo .dat, imagenarne. CCD1-geo.2. dat, and 
imagename.CCD1_geo.3.dat. An IRAF script then runs the transformations which 
remove the distortions due to the camera optics (i.e. not the atmospheric refraction 
distortions) through geomap and geotran to produce the undistorted image. The 
images can then be flattened with the corresponding flat-field image which has also 
been undistorted using the same transformations. 
Finally the atmospheric refraction transformation can be applied to the image, 
producing the final flattened, distortion-corrected image, imagename.5. fits. Being 
a linear transform, the atmospheric refraction transform does not affect the flatness 
of the image, and as it is image dependent, has to be carried out after the flat-fielding 
process. 
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Parameter 	 Final Value 	 Shift/Iteration 
Telescope Centre X(CCD1) 
	 0.24762849D+04 -0.37824707D-05 
Telescope Centre Y(CCD1) -0.36730508D+03 0.41376133D-05 
CCD1 Angle 	 0.509245210-03 0.31894649D-08 
Telescope Centre X(CCD2) -0.36614165D+03 0.24593362D-05 
Telescope Centre Y(CCD2) -0.36157846D+03 0.277331930-05 
CCD2 Angle 	 0.291453640-02 0.33333333D-09 
Telescope Centre X(CCD3) -0.355985180+03 0.39470715D-05 
Telescope Centre Y(CCD3) 
	 0.244704300+04 -0.494573490-05 
CCD3 Angle 	
-0.24635815D-03 -0.365196060-08 
Telescope Centre X(CCD4) 
	 0.24721950D+04 -0.23762401D-05 
Telescope Centre Y(CCD4) 
	 0.245400310+04 -0.30179142D-05 
CCD4 Angle 	 0.13559174D-02 -0.129352830-08 
Arcsecs per Pixel 	 0.43025539D+00 -0.10869774D-08 
Cubic Distortion 	
-0.15427773D-08 -0.10000000D-14 
Quintic Distortion 	
-0.591076360-17 -0.51821574D-22 
Refractive Index 
	 0.100040570+01 -0.69463099D-08 
Focal Axis X Offset 
	
-0.92505030D+02 -0.339457010-04 
Focal Axis Y Offset 
	 -0.62506190D+01 	 0.22721372D-04 
CCD Lens Radius Constant 0.773419520+02 0.25226107D-03 
Table 2.2: Typical output file from the distortion modelling program which contains the final 
values for the model's free parameters after 10000 iterations. 
Testing the Model and Registering the Images To determine the accuracy 
of fit of the distortion model, two V-band images from adjacent pointings in the 4 
by 4 grid pattern (i.e. the pointings are separated by 5.6arcmin) are transformed 
using the parametric distortion model, and then registered by allowing the second 
image to be translated and rotated relative to the first. To determine the registra-
tion transformation the source centres of about 300 bright (non-saturating) sources 
are found using the IRAF tool daophot in both images and written to two text files 
imagenamel. coo. txt and imagename2. coo. txt. These are then loaded into the 
FORTRAN program stanlinker.f which compares the two lists of source coordi-
nates, and looks for the most common relative offset (Sx, Sy) between a point in the 
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Residuals as a Function of CCD Position After Registration 
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Figure 2.8: The errors in the registration of two images with pointings separated by 5.6 arcmin. 
Each point represents a source in the first image, and the arrow represents the registration error 
scaled by 100. The circled points have registration errors of 0.3 pixels or more, and are discarded 
from the linear registration fitting which produces rms errors of less than 0.1 pixels in X and Y, 
where (XY) is the position of the source in the CCD in units of pixels. 
first coordinate list and a point in the second list, which it assumes to be due to 
the registration transformation. It then produces a list of coordinate pairs whose 
relative offsets are within 5 pixels of the most common offset, which can be read by 
geomap which finds the exact linear transformation to be performed using register. 
Despite the large distortions involved, the images were successfully registered to 
an rms accuracy of 0.1 pixels (0.05 arcsec) across all of the overlapping region, as 
shown in Figure 2.8. Other tests such as registering images from different CCDs, or 
images with larger pointing separations produced similarly good results, indicating 
that the model removed the distortions accurately. Having accepted the distortion 
model as sufficiently accurate, the individual exposures could be registered and 
stacked to produce the final V and I images. The image was built up iteratively, 
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using exposure #5  of the V images as a start-off point, and registering the four 
adjacent exposures (# 1 , 6, 7 and 9) first, and producing an intermediate stacked 
image. This intermediate image was then used as a start-off point, and the next 
batch of adjacent exposures were registered with respect to this image, and so on 
until all 16 exposures were registered. 
The large effect of the distortions on the image were easily apparent in the 
undistorted images, as the image boundaries, which are obviously rectangular in the 
raw image, become visibly curved with the corner furthest from the centre of the 
BTC array clearly pulled inwards. The irregular shape of the distortion-corrected 
image causes problems for combining, as the boundary between image and non-
image no longer lies precisely between pixels, but is now smeared over two pixel 
widths. Also, the registered images produced had sizes typically 5000 x 5000 pix 2 , 
most of which was blank, and so to regularise the shape of the images, and to save 
disc space, they were trimmed so that no blank space remained, and the relative 
offsets of the images stored in the file offsetjist. 
After examining the flattened and undistorted images, it became apparent that 
in - 25% of the images small gradients in the counts across the arrays remained. It 
is unclear what has produced these gradients, as the magnitude and orientation of 
the gradients vary from image to image in an apparently random manner, and also 
show no sign of the cloudy nature of the raw images, being of smooth appearance. 
To remove these gradients, the affected images were reflattened using a 63 x 63pix 2 
median filter which modelled the gradients in the sky background, so that they could 
be subtracted from the image and replaced with a constant value. The median filter 
was affected by the large halos around bright stars, particularly in the I image, but 
given that they are heavily saturated anyway, this is not a major problem. 
2.3.4 Photometric Calibration 
The purpose of photometric calibration is the conversion of observed brightnesses 
in the form of instrumental magnitudes onto a standardised photometric system, 
thus allowing the comparison of data sets by different authors observed with dif-
ferent cameras and telescopes. This is achieved by the observation of "standard 
stars" whose magnitudes on a standard photometric system are accurately known, 
and using their instrumental magnitudes to calibrate the remaining observations. 
The Johnson-Kron-Cousins broadband UBVRJ photometric standard is the most 
commonly used at optical wavelengths, and uses the Landolt (1992) catalogue of 
standard stars whose UBVRI photometric magnitudes are known to an accuracy 
of 0.003 mag. This system has been adopted here, partly because of its widespread 
use, but also because the Landolt observations were made using the same telescope 
and passbands (but not the same filter set) as ours. 
The aim of photometric calibration is to determine the free parameters of 
In = rninst - aAsecz + In zero 	 (2.13) 
where 	 = —2.5 log (counts) is the instrumental magnitude of a source, a, is the 
(wavelength-dependent) extinction coefficient, z is the zenith angle of the source, 
and the zero-point Inzero gives a reference point of the magnitude scale correspond-
ing to the magnitude of a source that would be observed to have I count per second 
after accounting for the atmospheric extinction. The two values determined by pho-
tometric calibration are ax and the zero-point, the latter which has to be determined 
separately for each CCD. The effect of scattering by the atmosphere on a source's 
magnitude is proportional to the amount of atmosphere the light passes through on 
the way to the telescope, or secz, and so varies from exposure to exposure. For long 
exposures like these, where z changes significantly from the beginning to the end of 
the exposure, the best estimate of sec z is a "weighted" mean given by 
sec z0 + 4 sec z 1 12 + sec Z1 
secz= 	 (2.14) 
6 
where secz0 , secz 112 and secz 1 are respectively the airmasses at the beginning, mid-
point and end of the exposure. The true magnitude of a source is defined as from 
above the atmosphere, i.e. zero airmass, and so each exposure has to be calibrated 
to zero airmass by multiplying by 1004 Az. 
As the positional shift between adjacent target exposures is 5.6arcmin and the 
CCD width is 14.7 arcmin, there is significant overlap between adjacent images, so 
that many suitable sources are common to adjacent images. This meant that it 
was possible to estimate the atmospheric extinction coefficient ax using the target 
images themselves, by choosing two adjacent exposures observed with the same 
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Figure 2.9: The effect of airmass on photometry: an estimate of the atmospheric extinction 
constant UA. The instrumental magnitudes of sources in two V-band images A and B (pointings 
#8 and #15 from CCD #4  respectively) which have differing airmasses (1.25 and 2.66 respectively) 
are compared. Aperture photometry is performed on both images using the same source positions 
determined using daof md on image A, and the difference between the two instrumental magnitudes 
of each source is represented by the y-axis. The mean change of instrumental magnitude from image 
A to image B (shown as a dotted line) due to the added atmospheric extinction is 0.1909± 0.0075 
magnitudes, giving an estimate for av of 0.1356 ± 0.0053. 
CCD but at differing airmasses, and comparing the instrumental magnitudes of 
their common sources. Figure 2.9 shows an example comparison of two V-band 
images, one with an airmass of 1.25 and the other with an airmass of 2.66. The 
effect of the airmass difference between the two images is clear, with a weighted 
mean instrumental magnitude difference of 0.1909 magnitudes, giving a value for 
av of 0.1356 + 0.0053. In total five pairs of images were compared in each pa.ssband 
producing values for the atmospheric extinction coefficients of 
cxv = 0.1489 + 0.011 
	 (2.15) 
&i = 0.0785 + 0.008. 	 (2.16) 
The values of m zero  for each CCD and passband combination were estimated 
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from observations of the three standard star-fields P01323-086, P01633+099 and 
MARK A from the Landolt (1992) catalogue, after using the above values of a 
to correct for atmospheric extinction. Both P01323-086 and P01633+099 fields 
contain fiye standard stars, whilst the MARK A field contains four. However one 
star from each field produced spurious results in comparison to the others, and so 
were discarded. Standard stars MARK A 1 and P01633+099 A, which happened 
to he the faintest standard star in each field, produced zero-points that differed by 
0.03-0.10 magnitudes from the other stars in the field, whereas the remaining stars 
typically agreed among themselves within 0.01 magnitudes. The standard P01323-
086 A was discarded as it turned out to be a variable star, which explained why its 
zero-points were 0.10 magnitudes different to the other four standards in the field. 
Before images from different CCDs can be combined, it is necessary to equalise 
their zero-points. CCD #4 was considered the standard CCD, and the relative zero-
points, mrc ( of the remaining CCDs with respect to CCD #4  were determined, and 
each of the exposures from these CODs were multiplied by the normalising factor 
100.4xmrei(CCDn) As a second estimate of the relative zero-points, a similar 
method to that used to determine the aA was used, where the instrumental magni-
tudes of sourcescommon to target exposures from differing CODs were compared. 
These results agreed well with those from the standard stars, and so the mean of the 
values produced by the two methods were taken to be the final values of the mre j, 
rnrej(V) 	 Tt rei(1) 
CCD #1 0.8979 ± 0.018 0.4269 ± 0.011 
CCD #2 0.2783 ± 0.015 0.2389 + 0.012 
CCD #3 0.1027 ± 0.021 0.0176 + 0.007 
This table quantifies the effect shown in Figure 2.7, with CCD #1 clearly much less 
sensitive than the remaining CCDs. The CCD #1 exposures had to be multiplied by 
2.286 to normalise them to the sensitivity level of CCD #4.  Finally the zero-points 
which normalise the instrumental magnitudes of sources in CCD #4,  and also now 
the normalised exposures of the other CCDs are 
	
= 32.6785 + 0.026 
	 (2.17) 
	
= 32.1922 + 0.009 
	
(2.18) 
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where these values correspond to the magnitude of a source that would have 1 count 
in one of the target exposures, i.e. a 900s V or 1080s I exposure. Hence these are 
the values that are used during the photometric measurement of the sources. 
2.3.5 Producing the Final Images 
Having calibrated the photometry and then normalised the images to zero airmass 
and equalised the zero-points, and also having registered the images, it is now pos-
sible to co-add the images to produce the final V and I images using the IRAF tool 
combine. The process of co-adding the images involves: firstly registering each im-
age using the values stored in the file offsetdist; normalising the sky background 
levels of each image (taken to be the modal pixel value) to a constant level in an 
additive manner; and combining the images by the median, after rejecting all pixel 
values more than 3 a from the median (where a is determined from the CCD readout 
noise and gain levels - the ccdclip rejection algorithm). The final images V.fits and 
I.fits have dimensions 5700 x 5700 pix 2 and 5669 x 5750 pix 2 respectively, where 
in order to register the V and I images there is a blank strip of width 800 pixels at 
the bottom of the I image. The reason that regions covered by the V and I images 
do not coincide exactly is due to way the I image was observed, as the first four 
pointings of the 5-pointing pattern used for the I image, correspond to pointings 1-4 
in the 4 by 4 grid pattern of Figure 2.3 rather than the four central pointings, and 
this ensured that all three quasars were located within the deepest regions of the I 
image. The angular size of the exposed region common to both V and J images is 
40.6 x 35.0 arcmin 2 . 
2.3.6 Astrometric Calibration 
The fits viewer GAlA allows images to be calibrated astrometrically in a transparent 
graphical fashion, and so this method was used. Unfortunately, at the time none 
of the computers in the department had sufficient memory to load the whole V or 
I image into GAlA (both fits files are 130Mb), and so it was necessary to split the 
images up into quarters. The process of source extraction had also to be applied to 
the four quartered images for the same reason. 
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Xv 	 Yv 
	 XI 	 Y,r RA (J2000) Dec (J2000) 	 z 
1820.909 4768.753 1820.828 4768.740 10h46m56.713 +5 041'50.2" 1.226 
3090.208 2411.431 3090.322 2411.400 10h47m33•173 +5 0 24'54.9" 1.306 
4035.961 2029.467 4036.024 2029.500 10448m00 41 
	 +50 22'09.6" 1.230 
2690.967 862.173 2690.999 862.123 10h47m21•588 +5 0 13'48.4" 1.738 
5406.934 3941.169 5407.300 3941.192 10/.48m40.093 +5 0 35'51.2" 1.968 
1342.471 3273.476 1342.441 3273.524 10h46m42•83s +5 0 31'07.1" 2.682 
963.952 1745.664 963.962 1745.729 10h46m31•853 +5020'09.8" 1.426 
Table 2.3: Comparison of the quasars' (x, y) positions in the BTC images with the angular 
positions from Clowes & Campusano (1991, 1994), Clowes et al. (1999a) and Newman (1999). 
The 5700 x 5700 pix 2 V image was split into four images as follows: 
V_bl.fits = V.fits [1:2900,1:2900] 
V_br.fits = V.fits [2801:5700,1:2900] 
V_tl.fits = V.fits [1:2900,2801:5700] 
V_tr.fits = V.fits [2801:5700,2801:5700] 
i.e. the four quarter images were of size 2900 x 2900 pix 2 and with overlaps of 
100 pixels with one another. 
The I image was also split up into four images as follows: 
I_bl.fits = I.fits [1:2900,801:3600] 
I_br.fits = I.fits [2801:5669,801:3600] 
I_tl.fits 	 = I.fits [1:2900,3501:5750] 
I_tr.fits = J.fits [2801:5669,3501:5750]. 
Note that the 800 pixel blank strip at the bottom of the I image is not carried 
over to the four quarter images, and that they are offset in declination with respect 
to the V quarter images. 
GALA requires the images to have an approximate astrometric calibration built 
into the fits header in order to be able to overlay the USNO guide stars upon the 
image. This first approximation was based upon the quasars themselves, as their 
CCD and actual angular positions are accurately known. As a byproduct of the 
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WCSDIM 	 = 2 
EQUINOX = 2000 
CRPIX1 	 = 1820.909 (Xi, of reference point - the z=1.226 quasar) 
CRPIX2 	 = 4768.753 (Yv of reference point) 
CRVAL1 	 = 161.7363104 (RA of reference point in degrees) 
CRVAL2 	 = 5.697264901 (Dec of reference point in degrees) 
XPIXELSZ = 24 (size of pixels on CCD [zm) 
YPIXELSZ = 24 
PLTSCALE = 17.92 (plate scale - arcsec per mm) 
CTYPE1 	 = 'RA --- CAR' (Type of projection - Cartesian cylinder) 
CTYPE2 	 = 'DEC--CAR' 
CUNIT1 	 = 'deg' (units used for CRVAL1 and CDLI) 
CUNIT2 	 = 'deg' (units used for CRVAL2 and CD2J) 
CD1_1 	 = 1.20131828E-4 (dcx/dXv deg/pix) 
CD1_2 	 = 2.65497529E-7 (da/dY) 
CD21 	 = 2.2225703E-7 (dS/dXv) 
CD2_2 	 = 1.19552212E-4 (dS/dYv) 
Table 2.4: The portion of the fits header containing the World Coordinate System representation 
of the first approximation to the astrometric fit for the V-band HTC image. 
removal of the image distortions using astrometric fields, the transformation from 
the CCD (x, y) to the angular (a, 5) coordinate systems must be linear, and so a 
simple linear regression fit between the two sets of coordinates should suffice. 
Table 2.3 shows the data used to produce the first approximation to the as-
trometric fit, with the (x,y) positions ofeach of the quasars in the BTC images 
along with their angular positions taken from Clowes & Campusano (1991, 1994) 
and Clowes et al. (1999a). This linear fit is then written into the fits header as in 
Table 2.4. 
Note that the values of CRPIX1 and CRPTX2 are only correct for the file 
V_bl.fits. The values for the other three fits images have to be corrected for 
the offsets in the image coordinates. 
Having installed an approximate astrometric calibration from the quasars, the 
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Figure 2.10: Region from the final BTC 1-band image with USNO catalogue sources and resultant 
astrometric fit overlaid. The sources from the USNO catalogue are indicated by green crosses 
circumscribed by black/white circles whose radii increase with decreasing V magnitude. The 
problems in determining an accurate astrometric fit discussed in the text are apparent in the 
figure, with a number of catalogue positions out by an arcsec or more, and others corresponding 
to extended sources. 
fits images can be loaded into GALA and sources from the USNO astrometric cata-
logue overlaid upon the image as shown in Figure 2.10. Only sources fainter than 
my = 16 were selected, as the brighter sources were so heavily saturated that their 
centres on the BTC image could not be located accurately. This still left a cata-
logue of around 200 guide stars per quarter image to calibrate the astrometry. The 
astrometric fit was then obtained by centring these USNO guide stars upon their 
conjugates in the image, and determining the least-squares-error linear fit to the 
points. A small fraction ( 1%) of the USNO catalogue sources had clearly moved 
significantly since the production of the catalogue, or otherwise had inaccurate po-
sitions, and these sources were removed, before re-determining the fit. Due to a bug 
in the GAlA program related to the 'unusual' projection (it is a simple Cartesian 
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Image Name V_bl.fits V_br.fits V_tl.fits V_tr.fits 
USNO sources used 185 249 149 181 
rms error of fit (pix) 0.115 0.103 0.117 0.107 
a (X=0,Y=0) (deg) 161.5167029 161.8527324 161.5170818 161.8533079 
CD1J(d&1dXv) (°/pix) 1.200545E-4 1 .201112E-4 1.201344E-4 1.202054E-4 
CDL2(da/dYv) (°/pix) 1.768723E-7 2.553850E-7 2.295687E-7 3.226733E-7 
5 (X=0,Y=0) (deg) 5.127627615 5.127065674 5.462263224 5.461699242 
CD2_1(dS/dXv) (°/pix) -1.955586E-7 -2.714850E-7 -1.623995E-7 -2.418037E-7 
CD2..2(dS/dYv) (°/pix) 1.195089E-4 1.195403E-4 1.195239E-4 1.195940E-4 
Image Name I_bl.fits I_br.fits I_tl.fits I_tr.fits 
a (X=0,Y=0) (deg) 161.5167468 161.8528750 161.5171875 161.8535525 
CD1_1 (da/dXj) (°/pix) 1.200959E-4 1.201236E-4 1.201403E-4 1.202108E-4 
CD1J2(da/dYj) (°/pix) 2.151266E-7 2.8131 15E-7 2.466229E-7 2.954848E-7 
S (X=0,Y=0) (deg) 5.223116631 5.222693227 5.545913618 5.545451896 
CD2_1(d61dX 1) ( °/pix) -1.589829E-7 -2.666298E-7 -1.538067E-7 -2.453403E-7 
CD2_2(d61dYj) ( ° /pix) 1.195735E-4 1.195302E-4 1.195268E-4 1.195789E-4 
Table 2.5: The astrometric fits for each of the four quarter V and I images. The (X=0,Y=0) 
values indicate the fitted (a, 5) of the south-eastern corner of the images. 
transformation alter all), it miscalculates the linear fit, so the table of USNO guide 
star catalogue angular positions, and (x, y) source positions were output to a file (e.g. 
LJSNO_V_bl .txt), and the astrometric calibration determined using a simple linear 
regression program. 
The resultant astrometric fits and the rms errors for each of the four quarter V 
and I images are given in Table 2.5. 
The rms accuracy of the linear astrometric fit over the whole 30 x 30 arcmin 2 
image was 0.11 pixels, or 0.05 arcsec, which is about as accurate as attainable given 
the uncertainties in position of the USNO catalogue sources and the BTC's pixel 
size of 0.43 arcsec. This level of accuracy is more than sufficient to use as source 
positions for follow-up spectroscopy where 0.10-0.15arcsec positional accuracy is 
required to locate the sources in the slits/fibres. 
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Figure 2.11: Region from the false colour image of the BTC field corresponding to the same 
region as Figure 2.10. 
2.3.7 Production of a False Colour Image 
The combination of two or more registered broad-band filter images into a single false 
colour image has produced many impressive looking posters and images, particularly 
the Hubble Deep Field and other HST images. Admittedly, this is usually more of a 
publicity exercise than a scientific one, but it does allow the easy visual inspection 
of images in search of 'interesting' sources. The colour information of a generic 
raster image is stored in three components: red, green and blue, which take values 
from 0 to 255. White for example has values of 255 for red, green and blue, and 
yellow say has values of 255 for red and green, and 0 for blue. In the ideal case then, 
there would be three registered images, taken through filters that broadly match red, 
green and blue, i.e. R, V, and B. However in this case, there are only two filters, 
neither covering blue wavelengths, and so a little trial and error was necessary to 
produce suitable colours: 
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red cc log(I - Jo), 
green cc log(V - V0 ), 
blue cx log[1.5( V 
- 
1/s) 
- 0.5(1 - Jo)], 
where V, I are the pixel values in the V and I BTC images, and l/, 
 10 are the mean 
background pixel values across the V and I images, in order that the background 
appears black. The IRAF tool export can be used to produce a raster image from 
the two BTC fits images. 
2.4 Source Extraction 	 Producing the Final 
Catalogue 
The software tool used to extract source catalogues from the BTC images was SEx-
TRACTOR (Bertin & Arnouts, 1996). The SEXTRACTOR tool is particularly oriented 
towards reduction of large-scale galaxy survey data, and has several features which 
made it the optimal choice for this data set, rather than DAOPHOT for example. The 
final catalogue was much improved by the key features of this package including: 
its handling of extended sources; using weight maps to model the varying rms noise 
levels across images; and the in-built neural-network-based star-galaxy classifier. 
The process of extracting sources from the image is controlled though the config-
uration file default. sex, and the list of parameters output to the catalogue is stored 
in the parameter file default . paran. Many of the configuration file parameters are 
self-explanatory and their values are either known or can be determined from the 
image. The choice of value for some of the parameters is not obvious, and required 
some trial and error to obtain the best results. The configuration parameters are 
split into subsections corresponding to the stage of source extraction they are in-
volved with, e.g., extraction, photometry, background, and the same subsections are 
used here to describe the decision processes used to find the optimal values. 
2.4.1 Extraction 
For normal astronomical images, the optimal method of source extraction is to 
firstly filter the image by convolving it with the point-spread function, and then 
select sources with FWHM 2 pixels over some threshold, usually around 1 a above 
background. 
The power spectrum of the noise and the superimposed signal are usually signif-
icantly different, and the process of filtering is used to maximise the signal-to-noise 
level and hence optimise the detection of sources. Assuming the signal has the 
same power spectrum as the point-spread function, and that the noise is white, the 
optimal convolution kernel for detecting sources is then the point-spread function 
inverted in both the x and y directions. This is less efficient at detecting extended 
objects such as elliptical or low-surface brightness galaxies, but in this case, most of 
the faint sources of interest should be relatively small, due to their distance, making 
the point-spread function the optimal choice of convolution kernel. 
The source detection process was performed using a thresholding method, in 
which a detection was classified as any group of 4 connected pixels 0.80' over the 
background level. This choice of values was based on trial and error, by examin-
ing the output catalogue and corresponding check image, and try to maximise the 
number of real detections and minimise the contamination due to noise. 
The result of the extraction process can be seen in Figure 2.12. The top figure 
shows a region of the BTC I image within the area covered by all 15 exposures of 
CCD #4,  and hence is one of the deepest sections of the BTC field. The lower figure 
shows the same image with apertures overlaid corresponding to each of the sources 
detected, i.e. with 4 connected pixels 0.8c over the background level. Virtually all 
sources apparent in the upper image have been detected, and there are few spurious 
detections due to random noise, indicating a suitable choice of parameters. There are 
two apertures per detection: an adaptive elliptical aperture used to estimate the total 
apparent magnitude; and a 2.5arcsec diameter circular aperture used to ascertain 
the source's colour (see below). 501 sources are detected in this 3.55 x 1.72 arcmin 2 
image, corresponding to a mean density of 295000 deg 2 . 
2.4.2 Photometry 
The total apparent magnitude of a source is the most physically relevant photomet- 
nc parameter to extract directly from pixel data. For stellar sources this is relatively 
simple, as the point-spread function is known, and so a suitably sized circular aper- 
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SEXTRACTOR is based on the "first moment" algorithm of Kron (1980). The second 
order moments of the object profile (c = E x2 1(x)/ E 1(x), cand o) are used to 
define an equivalent bivariate Gaussian profile with mean standard deviation a. An 
elliptical aperture defined by these moments and scaled to 6 a is then determined 
for the source. Within this aperture the first moment r1 is then computed with 
ri = E rJ(r)/ E 1(r). Kron (1980) and Infante (1987) have shown that for star 
and galaxy profiles convolved with Gaussian seeing an almost constant fraction of 
the flux is expected to lie within a circular aperture of radius kr 1 (and also for 
elliptical apertures with ckr 1 and kr i /c asthe principal axes), independently of 
their magnitude. Empirically, a balance between systematic and random errors 
is achieved for k 2. This method is known to be less biased than isophotal 
photometry, but only works in non-crowded regions. 
Corrected isophotal magnitudes If we make the assumption that the intensity 
profiles of sources are roughly Gaussian with a width a and a peak density p, then 
the total flux from the source can be considered as 
'tot = 2ra2p. 	 (2.19) 
Using a threshold density t, the corresponding flux Ii, o and area A aper , are then 
	
= 2ra2 (p - t) = 2wa 2p (i - 	 (2.20) k 	 p1 
	
A aper = 27ra21u (fl 	 (2.21) 
By rearranging these equations, then the fraction ij = ijso/Itotai of the total flux 
enclosed within a particular isophote is given by 
	
(1 - ) log(1 - i) = Aaperi 	 (2.22) 
1 	 1180 
where A apgr is the area and I is the isophote threshold (Maddox et al., 1990). 
Thus given A, I and 1180 it is possible to calculate q and then 'tot•  This ap-
proximation clearly works best with stars, but it proves to be reasonably accurate 
with disk galaxies, although it can result in large errors with the broad wings of 
spheroidal galaxy profiles. 
SEXTRACTOR uses the following procedure to give the best estimate for the total 
magnitude (MAG.BEST) for an object: the adaptive aperture method is taken, except 
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if a neighbour is suspected to bias the magnitude by more than 0.1 mag in which 
case the corrected isophotal magnitude is taken. 
As well as determining the total magnitude of a source in the V and I images, it is 
necessary to determine its V - I colour. At first glance, this may seem a trivial task, 
and in the case of stellar sources it is. However galaxies can look completely different 
when observed through different filters. For example one filter may trace the recent 
star-formation within a galaxy, whflst the other traces the old stellar population. 
Hence galaxy sizes and morphologies can vary greatly between images, and so the 
isophote or adaptive aperture for a galaxy can also change with wavelength, with 
the result being that you are not always considering the same source. The usual way 
to determine the colour of an object is to use a circular aperture whose diameter is 
2-3 times the FWHMs of a point-source. SEXTRACTOR is then used in two-image 
mode to obtain the aperture magnitudes (MAG.APER) corresponding to the same 
circular aperture in each of the images, from which the colour can be determined. 
The FWHM of the V and I images are 1.30 and 1.15 arcsec respectively, and so a 
circular aperture of diameter 2.5arcsec was used to determine the colour of each 
source. 
The corresponding errors for both the total magnitudes and colours were deter-
mined for each source by assuming Poisson noise through the equation 
2.5 fAF0\ 	 Aaper c2  + Am = A(2.5 log 	
= 	 Ff0, ,) = 1.0857 	 (2.23) 
where Aaper is the aperture area, a is the rms noise of the background, F101 is the 
total flux, and g = Nezp 
 gccD  is the gain of the image (which is equal to the CCD 
gain multiplied by the number of exposures used to build the final image). 
2.4.3 Background Modelling and Weight Maps 
The value measured at each pixel is a sum of a background signal and flux from each 
of the sources. To be able to detect and measure these sources, an accurate estimate 
of the background level at all points across the image is required - a background 
mtzp. SEXTRACTOR produces a background map by splitting the image up into a 
grid of 16 x 16pix 2 meshes (the size of the meshes is a free parameter, BACK..SIZE). 
For each mesh, a local background level is calculated by clipping the background 
histogram at ±3 or around its median, and then taking the mean value. For crowded 
fields (a mesh is taken to be crowded if the clipping process changes the mean value 
by more than 20%) the background level is taken to be the mode, which is estimated 
as 
Mode = 2.5 x Median - 1.5 x Mean. 
	 (2.24) 
Once the grid is set up, a median filter can be applied to suppress possible local 
overestimations due to bright stars. The size of the median filter can be controlled 
using the parameter BACKYILTERSIZE. The choice of the mesh size (BACK..SIZE) 
is very important. If it is too small, the background estimation is affected by the 
presence of sources and random noise, and also part of the flux of the more extended 
sources can be absorbed into the background map. If the mesh size is too large, 
it cannot reproduce the small scale variations of the background. For reasonably 
sampled images, with FWHM 2-3 pixels, a width of 32 to 256 pixels works well, 
with smaller sizes possible in conjunction with filtering. It took some considerable 
trial and error to determine the optimal values for the mesh and filter size, using 
the output check images to examine how well the background is modelled and the 
sources detected. 
In parallel with the making of the background map, an RMS-background map 
- that is, a map of the background noise in the image - is produced. This is 
particularly useful in this case, as the background noise levels vary greatly across the 
image, and so by setting the WEIGHT_TYPE parameter to BACKGROUND the threshold 
for detection of sources can be varied across the image by using the RMS-background 
map to model a(x, y). This allows the extraction to work efficiently both in the deep 
regions where a low threshold is necessary, and in the shallower regions where a 
higher threshold is needed to limit the number of spurious detections due to random 
noise. 
The RMS-background maps for the final V and I BTC images are shown in 
Figures 2.13 and 2.14. The effect of the structure in coverage due to the exposure 
patterns, and the differing sensitivities of the frnir CCDs are evident in both maps. 
To give an indication of the effect of the CCDs differing sensitivities the back- 
ground rms-noise maps can be used to determine 5a magnitude limits. In the case 
of the V image the central 29.4 x 29.4 arcmin 2 region was planned to be an almost 
Figure 2.13: RMS-noise map for BTC V image. The dark colours correspond to those regions 
with low RMS-nojse levels (a = 20 ADUpir'), with the mid-range colours corresponding to 
moderate noise levels (a = 35 ADU pix") and light colours corresponding to high noise levels 
(a = 50ADUpix 1 ) due to bright stars. The effect of the loss in sensitivity of CCD #1 (top-
right) is clear, as is the "tartan" striping effect produced by the 4 by 4 grid exposure pattern (cf. 
Figure 2.4 [left]). 
uniform deep field (see Figure 2.4-left). For the purposes of comparing the four 
CCDs, this area is subdivided into quarters, assigned to the appropriate CCD, and 
the modal rms-noise level determined. In the case of the I image, the areas consid-
ered are the four 9.1 x 9.1 arcmin 2 
 deep regions that were built up of all 15 exposures 
from one CCD only, thus indicating the maximum depths reached. 
An examination of Table 2.6 and Figure 2.13 indicates that the observing strategy 
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Figure 2.14: RMS-noise map for BTC I image. The dark colours correspond to those regions 
with low RMS-noise levels (a = 20 ADU pix'), with the mid-range colours corresponding to 
moderate noise levels (a = 40 ADU pix 1 ) and light colours corresponding to high noise levels 
(a = 100 ADU pix') due to bright stars. The effect of the differing sensitivities of the four CCDs 
is clear, with those regions always covered by CCDs #2 (top-left) and #4  (bottom-right) having 
noise levels of a 20 ADU pix' whilst CCDs #3  (bottom-left) and #1 (top-right) having noise 
levels of a = 35 ADU pif'. The effect of the exposure pattern is clear, with the structure of the 
coverage pattern of Figure 2.4 (right) apparent in the rms noise levels, with the four deep regions 
that are covered by all 15 exposures. 
of the 4 by 4 grid pattern has resulted in an almost uniformly deep image across the 
central 29.4 x 29.4 arcmin 2 region of the V BTC image (10h146m273 < a < 10h48m253 
+050 13'22" < 8 < +05 0 42146"), with three of the four quarter subregions producing 
5 c magnitude limits within 0.03 magnitudes of one another. 
The effect of the less sensitive CCD #1 does not appear as significant as feared, 
with an increase of 10% in the rms noise levels across the quarter covered mainly 
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V image boundaries of region rms-noise 55 
(a, 8) (J2000) (ADU/pix) mag.arcsec 2 
CCD1 10:46:27.1-10:47:26.3, +5:28:04-5:42:47 25.81 26.49 
CCD2 10:47:26.3-10:48:25.3, +5:28:03-5:42:45 23.27 26.60 
CCD3 10:47:26.3-10:48:25.3, +5:13:21-5:28:03 22.65 26.63 
CCD4 10:46:27.1-10:47:26.3, +5:13:23-5:28:04 22.76 26.62 
I image boundaries of region rms-noise 55 
(a, 8) (J2000) (ADU/pix) mag.arcsec 2 
CCD1 10:46:29.8-10:47:02.6, +5:39:46-5:47:43 38.55 25.56 
CCD2 10:47:50.5-10:48:23.2, +5:39:39-5:47:39 21.33 26.21 
CCD3 10:47:50.2-10:48:22.9, +5:19:53-5:27:52 36.51 25.62 
CCD4 10:46:30.1-10:47:02.8, +5:19:50-5:27:48 
- 	 23.02 26.12 
Table 2.6: Comparison of the model rms noise levels and the resultant 5 a magnitude limits for 
the areas covered by the four CCDs in both the V and I BTC images 
by that CCD. In contrast the I BTC image is much less uniform, partly a result 
of the observing strategy, but also a variation in sensitivity of the four CCDs. The 
Sc magnitude limits of the deep regions covered by all 15 exposures of each of the 
four CCDs vary considerably, with CCDs #2 and #4  reaching 0.5 magnitudes 
deeper than CCDs #1 and #3.  The loss in sensitivity of CCD #1 was expected, but 
the reason for the high noise levels in CCD #3  is unclear as it is 99% as sensitive 
as CCD #4, and 20% more sensitive than CCD #2 according to the photometric 
calibrations based on the standard star observations. 
2.4.4 Star - Galaxy Separation 
One of the most useful aspects of the SEXTRACTOR package is its in-built stel-
larity classifier which uses a neural-network-based algorithm to separate stars and 
galaxies by morphology. Previous simple classifiers have used 2-parameter spaces 
such as magnitude- isophotal-area, magnitude- peak-intensity or magnitude- surface-
brightness. These do not use all the information available in the intensity profile, 
and have difficulties when dealing with merged or close sources. If each source is 
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considered a vector of parameters, classifying stars and galaxies optimally is noth-
ing more than finding the best frontier hypersurface between the two classes in 
parameter-space, a task particularly suited to neural networks. They can easily 
handle problematic cases such as merged sources as long as they have learned to 
recognise them. This is achieved by using a training set of artificial stars and galax-
ies. Modern CCDs produce images which have many common properties: a linear 
intensity scale; essentially white background noise; and an approximately Gaussian 
point-spread function due to atmospheric blurring. This means that by scaling the 
image intensity and seeing/pixel size suitably, one can use the artificial images to 
train the neural network to classify sources for any well-sampled CCD data. The 
input parameters used to describe each source are eight isophotal areas correspond-
ing to different threshold levels (the lowest being the detection threshold), the peak 
intensity, and a control parameter, the seeing, which is used to scale the isophotal 
areas and hence tune the neural network. The neural network then produces a sin-
gle output parameter for each source, the stellarity index (CLASS..STAR) which, by 
definition, will equal 0 for galaxies and 1 for stars, but in practice produces a value 
somewhere in between, a confidence level of the classification. The key to producing 
the best results from this classifier, is the correct value for the SEEINGJWHM control 
parameter. At high signal-to-noise levels, most sources' stellarity indexes should be 
close to either 0 or 1, and at the lowest signal-to-noise levels, unresolved sources 
should produce an even spread of stellarities between 0 and 1. 
The effect of the star-galaxy classifier on sources in the BTC V and I images is 
shown in Figure 2.15. The two graphs plot the stellarity index of sources as a function 
of V and I total magnitudes, with those sources classified as stars having indexes 
approaching 1, and those sources classified as galaxies having indexes approaching 
0. It is clear that at high signal-to-noise levels the classifier is separating stars and 
galaxies efficiently, (the V image in particular) with most sources having indexes 
either less than 0.1 (i.e. classed as galaxies) or more than 0.9 (i.e. classed as stars) 
to V 23.5,1 a, 23. At the very brightest magnitudes (V < 16,1 < 18) there are a 
number of sources with indexes between 0.6 and 0.85; these are all heavily saturated 
stars. At the faintest levels there appears an even spread of stellarity indexes from 
0 to 1. These are all sources which cannot be resolved due to their low signal-to- 
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Figure 2.15: Effect of the star-galaxy classifier on sources in the BTC V and I images. The 
stellarity index is plotted as a function of V and I total magnitudes, with those sources classified 
as stellar having indexes approaching 1, and those sources classified as galaxies having indexes 
approaching 0. The classifier can be seen to separate stars and galaxies efficiently to V = 24 
and I 23.5. At fainter magnitude the classifier breaks down, but nearly all sources at these 
magnitudes are likely to be galaxies anyway. At the brightest magnitudes (V 16,1 18) there 
are a number of sources with stellarities around 0.6-0.8; these are heavily saturated stars. 
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Figure 2.16: Effect of the star-galaxy classifier on sources in the BTC V and I images after 
averaging the two values. The stellarity index is plotted as a function of V and I total magnitudes, 
with those sources classified as stellar having indexes approaching 1, and those sources classified 
as galaxies having indexes approaching 0. 
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noise levels. Nearly all sources at these magnitudes (V >1  24, I >1  23.5) are likely to 
be galaxies, particularly as the field is at high galactic latitude. 
As there are two independent measures of each source's stellarity, the two values 
can be averaged to give an improved classification. As the classification efficiency 
improves with increased signal-to-noise, the two values are weighted according to 
the signal-to-noise levels, using the inverse of the magnitude error 
CLAS&STAR(I) CLASSSTAR(V) 
CLAS 	 A 2 &STARJMPROVED = MAGEST(I) + AMAGBEST(V) 1 	 ______________________ 
aMAGEsT(I) + MAGEsT(v) 
	
(2.25) 
The results of averaging the two stellarity values can be seen in Figure 2.16. A 
relatively successful separation of the loci of sources classed as stars and galaxies 
is apparent, with a concentration of sources (which are presumably stellar) having 
CLASS.STARJMPROVED greater than 0.95 for 17 1< 123, and the remaining sources 
(presumably galaxies) having CLASS.STARJMPROVED less than 0.1 at bright mag-
nitudes, and less than ' 0.8 at 'Z 22. As a result the selection criteria used to 
separate stars and galaxies in the final source catalogues are 
CLASS$TARJMPROVED> 0.6 and I < 18 
Stars 	 if 	 or 
Source E 
	 (2.26) 
CLASS..STARJMPROVED> 0.95 and I > 18 
Galaxies otherwise 
This classification of sources into stars and galaxies is clearly approximate, and to an 
extent arbitrary, and so cannot be more than a guide, but it is efficient at removing 
those sources which are clearly stellar, at the expense of losing a few unresolved 
faint galaxies. 
2.4.5 Source Parameters Output to the Final Catalogue 
The SEXTRACTOR package leaves the choice of source parameters stored in the final 
catalogue to the user through the parameter file default .parain. It is possible to 
extract up to 102 parameters for each source, but many of these are interdependent 
or irrelevant, and so to prevent the catalogue being unwieldy, only 17 are used in 
the catalogues: 
rill 
NUN_I Source number 
I..APER I-band source magnitude through 2.5 arcsec diameter aperture 
IERRAPER Error in aperture magnitude 
FLUX_BEST Total flux of source in ADU 
I_BEST Source 
'total magnitude 
IERR2EST Error in total magnitude 
I..THRESHOLD Detection threshold level at source's position (0.8cr rms-noise level). 
IJIAX Maximum surface brightness (mag. arcsec 2 ) 
LI Source's X position in BTC image (pixels) - centre of adaptive aperture 
Li Source's Y position in BTC image (pixels) 
A_I Semi-major axis length of adaptive aperture (arcsec) 
E_I Ellipticity of adaptive aperture/source 
FWHM_I Full-width half-maximum of source (arcsec) 
FLAGSJ Internal flags produced during source extraction - indicates whether a 
source is truncated/saturated/blended etc 
STAR_I Stellarity of source 
RA_1J2000 Right Ascension (J2000) of source based on astrometric fit 
DEC_I_32000 Declination (J2000) of source 
Note that these names do not correspond exactly to those used in the SExTitAc-
TOR literature. The names here correspond to those used in the source catalogue 
extracted from the I image, and the corresponding names for the V-band catalogue 
simply replace the I identifier with V. The catalogues are output by SEXTRACTOR 
in FITS format, but for analysis within IRAF, and the TABLES tools in particular, 
they are converted into the TABLES format using the TABLES tool fitsio . strf its. 
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2.5 Sources in the BTC images 
2.5.1 Magnitude Limits 
Having produced the ultra-deep V and I BTC images, and extracted source cata-
logues from them, before examining the source catalogue for 'interesting' sources, it 
is necessary to establish to what extent the information contained within the cata-
logue is reliable. The major problem that has to be considered when dealing with 
such deep images is the non-detection, misidentification and errors in determining 
the flux of the faintest sources. At the faintest magnitudes incompleteness and the 
Eddington bias (produced as magnitude errors scatter the plentiful faint objects to 
brighter magnitude levels) affect significantly the number of galaxies detected. 
To determine the level of confidence we can have in the information stored within 
the source catalogues, the levels of non-detection and magnitude errors are estimated 
as a function of magnitude using Monte Carlo simulations. To do this numerous 
artificial sources, whose magnitudes are known beforehand, are added into the BTC 
images and the same source extraction processes applied as to the original images. 
From this the completeness levels of the image as a function of magnitude are es-
timated by determining the fraction of sources detected at a given magnitude, and 
the rms magnitude errors of sources as a function of magnitude are estimated by 
comparing the extracted source magnitudes with their actual values. 
For each of the BTC images a sub-image was chosen to be representative of 
the whole image. In the case of the V image a 4000 x 1000 pix 2 region was taken 
from an area within the central 29.4 x 29.4 arcmin 2 region that was observed mostly 
by CCDs #3  and 
 #4 (10h46m303 < a < 1048m25s, +050 15'00" < S < +050 22'00" 
- see Figure 2.13), and is representative of the three-quarters of the central deep 
region not covered by CCD #1. Given the large amount of variation in noise levels 
across the I image, it is not possible to select an area to be representative of the 
whole image, but by selecting one of the four deep regions, at least an area of 
uniform coverage and depth can be considered, from which the properties of the 
remaining deep areas can be extrapolated by comparison with the 5 a magnitude 
limits of Table 2.6. For this reason the 1136 x 1110 pix 2 deep region covered by all 15 
CCD #4  exposures (10446m30.1' < a < 10h47m02•8s, +050 19'50" < S < +05027'48" 
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Figure 2.17.: Completeness levels and magnitude errors for a sample region from the BTC V image 
that is representative of the sensitivities reached by three-quarters of the central 30 x 30 arcmin 2 
image, i.e. not the quarter covered by CCD #1. The red curve indicates the completeness level 
of the image as a function of magnitude, with the blue horizontal dashed- and dot-dashed-lines 
indicating the 50% and 90% completeness levels respectively. The green and magenta lines indicate 
the 1 a magnitude errors produced by the adaptive (V2EST) and 2.5 arcsec apertures (V.APER). 
- see Figure 2.14) was chosen to be the representative area for the f-image. 
For each image we consider the photometric properties of galaxies in magnitude 
bins of width 0.5mags from 21 c I < 27 and 21 < V < 27. For each image 
and magnitude bin, artificial galaxies are created by dimming a bright galaxy by 
2.5 magnitudes. Then 500 copies of the artificial galaxy are created with specified 
magnitudes having the following probability distribution: 
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Figure 2.18: Completeness levels and magnitude errors for the 8 x 8 arcmin 2 deep region of the 
BTC 1-band image, covered by CCD #4 for all 15 1080sec exposures, giving a total exposure 
time of 16 200 sec. The red curve indicates the completeness level of the image as a function of 
magnitude, with the blue horizontal dashed and dot-dashed lines indicating the 50% and 90% 
completeness levels respectively. The green and magenta lines indicate the 1 a magnitude errors 
produced by the adaptive apertures (LBEST) and 2.5arcsec apertures (I.A?Ea). 
and added to the image at random positions. The false colour image of Figure 2.11 
shows extended red halos around bright stars, indicating problems in modelling the 
background levels in the I image around these sources. This affects the ability of 
the source extraction process to detect and analyse any sources in these halos, and 
so these areas are removed from this analysis. 
The images with the added artificial sources are then processed by the source 
extraction routine in the same manner as the original images, and the photometric 
properties of those artificial sources detected by the extraction process are compared 
with their actual values, resulting in completeness levels and magnitude errors for 
Nil 
CCD covering 
deep region 
5 or 
mag arcsec 2 
90% completeness 
level (mag) 
50% completeness 
level (mag) 
CCD #1 25.56 24.59 25.29 
CCD #2 26.21 25.24 25.94 
CCD #3 25.62 24.65 25.35 
CCD #4 26.12 25.15 25.85 
Table 2.7: Estimation of 90% and 50% completeness levels for each of the four deep regions from 
the BTC I-band image through extrapolation from the values of the CCD #4 deep region. 
each magnitude bin (Figures 2.17 and 2.18). 
Figure 2.17 shows the completeness levels and magnitude errors (both aperture 
and total) for the sample V-band image. An analysis of the artificial source detection 
levels indicates that the source catalogue is essentially complete to V 25.5, 90% 
complete to V 25.80, and 50% complete to V 26.35. 
The two fractional completeness levels, 90% and 50%, are commonly used as 
measures of the depth of the catalogue, with the 90% level indicating the limit 
of reliable photometry in a catalogue, and the 50% level indicating the maximum 
magnitude limit beyond which incompleteness and Eddington bias render any error 
measurements meaningless. 
The figure also shows the rms magnitude errors (both aperture and total) for 
sources in each magnitude bin. For each bin, the total magnitude (V.BEST) er-
ror (shown as green curve) is 50% greater than that of the 2.5 arcsec aperture 
magnitude (VAPER) error (shown as magenta curve). This is due to the fact that 
the apertures used to determine the total magnitudes are larger than 2.5 arcsec on 
average, and so the errors due to background noise are increased. 
Figure 2.18 shows the completeness levels and magnitude errors as a function 
of magnitude for the sample deep region from the I-band image. An analysis of 
the artificial source detection levels indicate that the source catalogue is essentially 
complete to I 24.80, 90% complete to I 25.15, and 50% complete to I 25.85. 
By assuming that the completeness levels and Sc magnitude limits are simply re-
lated, the completeness levels for each of the four deep regions can be determined 
by extrapolation of Table 2.6 as shown in Table 2.7. 
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Figure 2.19: Histograms showing the effects on aperture photometry of the source extraction 
processes in the sample deep region of the BTC V-band image as a function of magnitude. 
To demonstrate the effect of Eddington biasing at faint levels, histograms of 
the aperture magnitudes of the artificial stars for each magnitude bin are shown 
in Figures 2.19 and 2.20. So that the width of the histogram of extracted aperture 
magnitudes reflects the rms photometric errors for sources in a particular magnitude 
bin, each aperture magnitude is corrected so that the actual magnitudes of all the 
sources in the bin are equal to the mid-point of the magnitude bin (e.g. V=22.25, 
22.75, 23.25, 23.75 etc.), rather than distributed across the whole bin, i.e. 
MAGCORR = NAG..APER- MAG.REAL + MAG(mid-point). 
Eddington bias is due to the fact that there are many more faint galaxies in an 
image than brighter sources for any given magnitude level, whereas equal numbers 
of artificial galaxies have been added for each magnitude bin. To correct for this 
each histogram of MAG_CURR counts is multiplied by a normalising factor, so that the 
number of artificial sources in each magnitude bin is proportional to the expected 
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Figure 2.20: Histograms showing the effects on aperture photometry of the source extraction 
processes in the sample deep region of the BTC I-band image as a function of magnitude. 
galaxy number density in the bin. In previous deep surveys, the galaxy counts at 
these magnitudes form a simple power law, Galaxies(m) oc 10°", where a 0.4 
for both V and I passbands at these magnitudes (e.g. Smail et al., 1995); and so 
the normalising factor used in these plots is 1004(122)• 
 Another consequence of 
using this normalising factor is that if the rms errors are proportional to 10.4><m 
(i.e. inversely proportional to the flux) then the histogram widths should increase 
in the same manner, and so the histogram peak heights should be proportional to 
the completeness level of each bin, i.e. constant at bright magnitudes. 
At magnitudes brighter than the 90% completeness levels (V <1  25.5,1 25.0) 
the aperture magnitudes produced by the source extraction process appear well 
behaved, with the 1 a errors increasing as 100.4>(m 
 as expected, and the histogram 
peak heights approximately constant. There is an offset of 0.10mag between 
the median aperture magnitude and the real magnitude for ech magnitude bin. 
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This is due to the fact that the artificial galaxies are larger than the 2.5arcsec 
aperture and so some of the flux is lost. However this offset appears constant 
with magnitude and passband, and so the resultant V - I colour should not be 
affected. At fainter magnitudes the effects of Eddington bias become apparent as 
faint galaxies are scattered up to brighter magnitude bins by the large photometric 
errors. For example, 25% of sources with aperture magnitudes of 25.5 < V < 26.0 
or 25.0 .c I < 25.5 are expected to be faint sources scattered into the magnitude bin 
by photometric errors, and whose actual magnitudes are more than 0.25 magnitudes 
fainter than that measured. As a consequence the flux levels of many galaxies in 
the faintest magnitude bins may be significantly overestimated. 
A particular consequence of Eddington biasing may be the apparent bluing 
of faint intrinsically-red sources. For example, consider a galaxy with I = 23.5, 
V = 26.5, i.e. V - I = 3.0, magnitudes and colours typical of passively-evolving 
galaxies at z Z 1. The galaxy should be easily detectable in the I-image, resulting 
in accurate photometry. However, it is on the detection limit of the V-image, and 
if detected its flux levels may well be significantly overestimated, resulting in an 
apparent V magnitude as much as 0.5-1.0mag too bright, hence producing a V - I 
colour 0.5-1 mag too blue. 
2.5.2 Galaxy Counts 
One of the motivations behind ultra-deep surveys to date has been to test cos-
mological models via the classical number-magnitude relations, or in other words, 
how many galaxies are there? Hence as a result, the plot most synonymous with 
deep fields is that of galaxy counts as a function of magnitude. With the building 
of larger and larger telescopes and the constantly improving quality and collecting 
area of CCD cameras, surveys have been able to go deeper and cover greater angular 
areas, obtaining more accurate results. However to date, interpretation has always 
been hampered by the difficulty of disentangling the effects of galaxy selection and 
evolution from the cosmological effects we wish to probe. Although the survey un-
dertaken here is not nearly as deep, or as wide, or has as many passbands, as other 
surveys recently completed or in progress (e.g. HDF-North and South, Canada-
France Deep Fields Survey, ETS) it is still a useful exercise to produce such galaxy 
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V 
mag 
Raw 
counts 
Galaxies 
(deç 2 .mag') 
c(Ncor ) I 
mag 
Raw 
counts 
Galaxies 
(deg 2 .mag') - 
20.25 25 880 175 20.25 82 4700 520 
20.75 50 1750 250 20.75 148 8480 700 
21.25 91 3190 330 21.25 183 10480 770 
21.75 125 4380 390 21.75 283 16210 960 
22.25 187 6550 480 22.25 378 21650 1100 
22.75 315 11040 620 22.75 549 31400 1300 
23.25 491 17200 780 23.25 804 46300 1900 
23.75 841 29500 1000 23.75 1019 58650 2100 
24.25 1374 48250 1400 24.25 1251 73500 2900 
24.75 1781 62700 1700 24.75 1521 92700 3800 
25.25 2196 77700 2000 25.25 1983 140200 6300 
25.75 2575 102300 3300 25.75 1930 225600 9000 
26.25 2603 167100 5300 26.25 758 160800 7000 
26.75 1247 159500 5400 26.75 21 
Table 2.8: Raw and corrected galaxy counts for the 4000 x 1000 pixel 2 (205.44 arcmin 2) deep 
region of the BTC V image, and the combined CCD #2 and CCD #4  deep regions (125.72 arcmin 2 
in total) of the BTC I image. 
number-magnitude plots and compare the results with existing data, if only as a val-
idation method to show that there is nothing seriously awry with the photometric 
calibration and source extraction process. 
As discussed in the previous subsection, before determining the galaxy counts, a 
correction for incompleteness at faint magnitudes has to be applied, otherwise the 
counts at faint magnitudes would be significantly underestimated. The completeness 
levels for subsections of the V and I BTC images were determined in the previous 
subsection. However given the non-uniformity of depth of both the V and I images, 
these levels are not valid over the whole image, and so only those regions similar 
in depth to those used in the previous section can be considered. In the case of 
the V image, only the 4000 x 1000 pix 2 region used to determine the completeness 
levels of Figure 2.17 is considered, giving a total area of 205.44 arcmin 2 . In the 
Survey name Reference 
Area 
(arcmin 2 ) 
mh m (50%) 
BTC images This thesis 
205.44(V) V = 26.3 
 
125.73(I) I = 25.9 
Deep Keck Images Smail et al. (1995) 54.8(V) V = 27.0  
76.3(I) 1 = 25.8 
NTT SUSI Deep Field Arnouts et al. (1999) 5.62 V = 26.5,1 = 25.3 
HDF - North Williams et al. (1996) 5.3 V = 29.5, 1 = 28.5 
HDF - South Casertano et al. (2000) 5.1 V = 29.4, 1 = 28.0 
Herschel Deep Field Metcalfe et al. (2000) 52.2 1 = 25.2 
Lilly et al. (1991) 4.1 I = 25.0 
Table 2.9: Summary of the deep surveys used for comparison with the differential galaxy counts 
from the BTC images. 
case of the I image, as well as using the deep region covered by. all 15 CCD # 4 
exposures, the comparable deep region covered by CCD #2 is also used, as their 
Sc magnitude limits are similar, and thus doubling the area available for analysis 
to 125.73 arcmin2 . 
For each of the regions the raw galaxy counts are determined for bins of width 
0.5 magnitude, after discounting those sources classified as stellar. The classification 
of stars and galaxies has been shown to be efficient at bright magnitudes (I < 22, 
V c 23), and at fainter magnitudes the fraction of sources classified as stellar 
becomes negligible (< 1%). The counts are then corrected for incompleteness by 
simply dividing by the fraction of artificial sources detected at each magnitude 
level. Note that this analysis does not include the Eddington bias and can thus 
overestimate the correction factor. 
In Figures 2.21 and 2.22 the corrected differential galaxy counts are plotted as 
a function of magnitude, and the raw and corrected number counts are reported in 
Table 2.8. The errors determined are Poisson and include the uncertainty in the 
completeness level at each magnitude. 
The differential galaxy counts produced by other deep surveys are shown on the 
two figures for comparison. A summary of the size and magnitude limits of each 
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Figure 2.21: Differential galaxy counts as a function of V magnitude for a representative 
4000 x 1000 pix2 (205.4 arcmin2 ) deep region from the BTC V-band image. The corrected V-band 
galaxy counts are represented by red-filled circular symbols. The errors shown consider the both 
the Poisson uncertainties from the raw galaxy counts and also the uncertainties in the complete-
ness corrections given the number of artificial sources added and detected. The two-component 
least-squares linear fits to the galaxy counts are shown by solid red lines. The other symbols 
represent the galaxy counts observed in other ultra-deep surveys: (Smail et al., 1095, green filled 
squares), the NTT SUSI deep field (Arnouts et al., 1099, magenta crosses), and the Hubble Deep 
Field North (Williams et al. 1096, blue stars). 
of the surveys is given in Table 2.9. It can be seen immediately that our V and I 
galaxy counts are in good agreement with the other deep surveys, in particular that 
of Smail et al. (1995) which is the most comparable both in terms of area covered, 
and the filter set used. The HDF galaxy counts for example have been converted 
from the WFPC2 filter set and AB magnitude system to the standard ground based 
Johnson-Kron-Cousins UBVRI photometric system adopted in this study, by the 
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Figure 2.22: Differential galaxy counts as a function off magnitude for the deep regions covered 
by CCD #2 and CCD #4  (125.7 arcmin 2  in total) from the BTC 1-band image. The corrected 
I-band galaxy counts are represented by red-filled circular symbols. The errors shown consider 
the both the Poisson uncertainties from the raw galaxy counts and also the uncertainties in the 
completeness corrections given the number of artificial sources added and detected. The least 
squares linear fit to the galaxy counts is shown by a solid red line. The other symbols represent 
the galaxy counts observed in other ultra-deep surveys: Smail et al. (1995, green filled squares), the 
NTT SUSI deep field (Arnouts et al. 1999, magenta crosses), the combined Hubble Deep Fields 
North and South (Williamset al., 1996; Casertano et al., 2000, blue stars), the Herschel Deep Field 
(Metcalfe et al., 2000, cyan asterisks), and Lilly et al. (1991, black triangles). 
relations VAB = V, 'AS = I + 0.47. 
The slopes of the corrected V and I-band galaxy counts are estimated using 
linear regression, and are shown as red lines on corresponding figures. For the V 
band, the slope of galaxy counts is measured as at' = 0.402 + 0.012 for V=21-24, 
before a pronounced break in the slope at V 24.25, and a significant flattening 
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to cxv = 0.258 ± 0.017 for V = 24-26. Evidence of this break and flattening has 
been already produced by previous works. Small et al. (1995) report a slope of 
av = 0.404 ± 0.015 for V = 22-24.5, then a break at V 24.5, and a flattening of 
galaxy counts to cxv = 0.28 ± 0.05 at fainter magnitudes. There is no evidence of a 
break in the I-band count slope. Indeed the galaxy counts are fitted extremely well 
by a single line of slope aj = 0.286 ± 0.006 for I = 20-26. Again these results are 
in excellent agreement with previous studies with Smail et al. (1995) and Arnouts 
et al. (1999) reporting values for the slopes of &j = 0.271 ± 0.009 for I = 19.5-25.5 
and aj = 0.31 ± 0.02 for I = 22.5-25.5 respectively. 
2.6 Summary 
In this chapter the obtaining and reduction of ultra-deep optical images using the 
Big Throughput Camera (BTC) on the 4-rn Blanco telescope at the Cerro Tololo 
Interarnerican Observatory (CTIO) is described. The observations were made on the 
nights of 21/22 and 22/23 April 1998, the first night devoted to obtaining V imaging, 
and the second night devoted to obtaining I imaging. The resultant images cover 
a 40.6 x 34.9 arcmin 2 
 region containing three quasars from the Clowes-Campusano 
LQC, as well as four background quasars. The process of removing the spatial 
distortions inherent in the BTC optics is shown, and the validity of the resultant 
model is demonstrated by the linear astrometric fit being accurate to 0.05 arcsec 
across the whole field. The photometric calibration is performed using the standard 
stars of Landolt (1992) and is believed to be accurate to LXm 0.02. 
The SEXTRACTOFt package is used to extract the sources from the final im-
ages, resulting in catalogues of 105 sources that are 50% complete to V 26.35 
and I c 25.85 in the fully exposed regions. The differential galaxy counts are de-
termined and compared with other deep surveys, and are found to be in excellent 
agreement. The galaxy counts increase logarithmically with magnitude, with the 
slopes measured for the V-band as cxv = 0.402 ± 0.012 for V = 21-24, flattening to 
cxv = 0.258 ± 0.017 for V = 24-26, and for the I-band as aj = 0.286 ± 0.006 for 
I = 20-26. 
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Chapter 3 
Analysis of Galaxy Clustering in 
the BTC Images 
3.1 Introduction 
The detection and characterisation of clusters of galaxies is one of the most crucial 
aspects of observational cosmology, providing important constraints for both cosmo-
logical models and galaxy evolution. For example, the evolution of cluster number 
density as a function of redshift is highly dependent on the cosmological parameters 
M and PA, with clusters forming much more rapidly in high-density universes. 
Indeed the fact that rich clusters have been observed at z >1  1 virtually rules out the 
QM = 1, flA = 0 universe. Extensive observational work has also established that 
the star-formation and morphological properties of galaxies in rich clusters differ 
significantly from those of field galaxies, with star-formation rates lower in cluster 
environments than the field for galaxies of the same class, and elliptical and SO 
galaxies more abundant in clusters. 
As a consequence of the importance of galaxy clusters, numerous galaxy cluster 
surveys have been undertaken in recent years, in many wavebands (e.g. the Palomar 
Distant Cluster Survey, Postman et al. (1996); the ROSAT Distant Cluster Survey, 
Rosati et al. (1998)), and numerous algorithms have been developed to detect and 
classify galaxy clusters from imaging or redshift data, each method being more 
appropriate to one kind of data than another. 
This chapter describes one such algorithm, the Cluster Red Sequence method 
II] 
of Cladders & Yee (2000) which uses the observation that the bulk of early-type 
galaxies in clusters lie along a tight, linear colour-magnitude relation - the red 
sequence - to maximise the signal from a cluster in imaging data and to estimate its 
redshift. This algorithm is then applied to the BTC V and I imaging data, allowing 
the detection and characterisation of clusters in the BTC field out to z 0.6. 
3.2 The Cluster Red Sequence Method 
The basic premise of all optical-infrared cluster finding algorithms is that galaxies 
are a reliable (although possibly biased) tracer of mass, and so an overdensity in 
the galaxy distribution is a signature of the underlying mass overdensity. The most 
likely complication to this approach would be the presence of dark clusters, but to 
date there appears little evidence to indicate that such objects are common. Ongoing 
and forthcoming observations of cosmic shear should clarify the relationship between 
the galaxy and mass distributions as the statistical properties of weak gravitational 
lensing of background galaxies are used to reveal the underlying mass distribution 
(e.g. Wittman et al., 2000b). Current results from eight clusters at z 0.2 suggest 
that the mass follows the light very closely on scales of 0.2-2hMpc (Wittman 
et al., 2000a). On the basis of this premise, each cluster finding algorithm then 
attempts to identify the real galaxy overdensities in redshift-space in typically two-
dimensional imaging data, by using some assumed property of clusters to maximise 
the signal. 
A popular approach is the matched-filter technique (Postman et al., 1996; Kepner 
et al., 1999) which filters the image by a model cluster galaxy luminosity function 
and spatial distribution. This allows it to improve the detection sensitivity to true 
clusters (while at the same time being less sensitive to random projections), but by 
its parametric and filtering nature, it is biased towards clusters which conform to 
the models, i.e. virialised clusters. As a result, at the higher redshifts which we 
wish to probe, this approach is likely to become less efficient as the clusters are less 
dynamically evolved, and have more irregular morphologies. Another disadvantage 
of this approach is that to obtain accurate redshift estimates for the clusters and 
also to determine cluster membership properties, a significant amount of colour 
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information is required to obtain photometric redshift estimates of sufficient quality. 
Given the very limited colour information available from the BTC images, it would 
be highly unwise to make any cluster redshift or membership estimates through this 
approach. 
Instead of using assumptions about the morphology or luminosity function of 
clusters, the approach used here is based upon the assumption that the presence 
of a red sequence of early-type galaxies is a universal signature of a galax, cluster. 
What appears it first sight to be a dubious assumption, given the large variety of 
galaxy populations from one cluster to another, is in fact well supported by the 
current observational evidence, and provides a powerful and efficient method for 
detecting clusters, and making accurate redshift estimates, based on imaging data 
obtained using as few as two filters. 
3.2.1 The Red Sequence in Nearby Clusters 
The observation that rich clusters have a population of early-type galaxies that 
follow a tight, linear colour-magnitude (C-M) relation was made over forty years 
ago (Baum, 1962), and confirmed later for the Virgo and Coma clusters (Sandage, 
1972), but it has only been over the last ten years that the physical processes behind 
the relation have been sufficiently understood that its use in observational cosmology 
has been established. 
An example colour-magnitude relation is shown in Figure 3.1, which shows the 
measured colour-magnitude relation for the z = 0.231 cluster Abell 2390, from the 
HST data of Gladders et al. (1998). It shows a population of early-type galaxies 
(shown as asterisks) following a linear colour-magnitude relation over a range of 
5-6 magnitudes with little scatter (r..d 0.05 mag). A corollary of the small observed 
photometric scatter is that the early-type galaxies within a cluster must form a ho-
mogeneous population, i.e. they must have similar ages and star-formation histories. 
Bower et al. (1992) obtained precision photometry of early-type galaxies in the Coma 
and Virgo clusters and concluded that the two populations were indistinguishable, 
even though the clusters are of completely different types: the Coma cluster is rich, 
massive, centrally-concentrated, elliptical-rich and X-ray luminous; whilst the Virgo 
cluster is relatively poor, much less massive, irregular and spiral-rich. López-Cruz & 
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Figure 3.1: The observed colour-magnitude diagram for Abell 2390, based on two-filter HST 
imaging of the cluster core. The asterisks indicate galaxies morphologically selected as early-types, 
and diamonds indicate other galaxies in the image. Taken from Gladders & Yee (2000). 
Yee (2000) have examined an extensive sample of 45 X-ray selected Abell clusters, 
encompassing a wide range of optical richnesses. Despite this heterogeneity, every 
cluster in the sample has a red sequence, and the k-corrected slopes, scatters and 
colours of these red sequences are indistinguishable. This indicates that the early-
type galaxies which make up the red sequences form a homogeneous population, not 
only within each cluster, but from cluster to cluster, and also that red sequences are 
universal and homogeneous features of galaxy clusters, at least at z 0.2. 
Figure 3.2 shows the evolution with time of the spectral energy distribution 
(SED) of a simple stellar population (i.e. one that formed in an instantaneous 
burst) for the Salpeter initial mass function (IMF). This shows that for ages less 
than 4 Cyr the SED changes rapidly with time, the galaxy initially dominated by 
the short-lived luminous blue stars, before reddening as those stars complete their 
evolution and disappear, leaving the galaxy dominated by stars in the advanced 
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Figure 3.2: Evolution in time of the spectral energy distribution (SED) of a simple stellar 
population computed for the Salpeter IMF (mL = 0.1 M ® , mu = 125 M (D ) using the Bruzual & 
CharIot (2000) evolutionary code. The age in Cyr is indicated next to each spectrum. Taken from 
Bruzual (2000). 
stages of stellar evolution, and the long-lived low-mass stars. For ages greater than 
rs4 Cyr the SED changes much less as only the long-lived stars remain, resulting in 
colour changes less than 
' S-' 0.05 magnitudes per Gyr. 
We can use this model to transform between age and colour variations as the 
observed scatter of galaxy colours in a cluster is equal to the rate of change of 
galaxy colour measured at the mean galaxy age, multiplied by the scatter in the 
star-formation epoch. For example, if early-type galaxies were formed in a single-
burst of star-formation about 10 Gyr ago, with a scatter in the time of formation of 
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Figure 3.3: Best fit to the average spectrum of an elliptical galaxy (shown as red line). The 
model SED (black line) corresponds to a 10 Gyr old Z=Z ® simple stellar population computed for 
the Salpeter IMF (nIL = 0.1 M®, mu = 125 M ® ). The broad-band fluxes representing the average 
of elliptical galaxies in the Coma cluster are shown as blue squares. Taken from Bruzual (2000). 
1 Gyr, then this would result in an intrinsic colour scatter of 0.025 mag. However, 
if they were formed only 5 Gyr ago, to produce the same intrinsic colour scatter, 
the spread of galaxy formation time would have to be less than 300-400 Myr. Given 
the great distances between clusters, such a high level of synchronisation for the 
formation of early-type galaxies appears unlikely, meaning that these galaxies, or 
at least their stellar populations, are probably older than 5 Gyr. This argument is 
confirmed by the spectra of the red sequence galaxies, as they are best fit by simple 
stellar populations of ages 9-12 Gyr (see Figure 3.3). 
A second notable feature of the red sequence of Figure 3.1 is its apparent slope, 
with the colour becoming progressively bluer towards fainter magnitudes. The two 
conventional explanations for this gradient are that it is caused by a progressive 
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increase of either a mean stellar metallicity or a mean effective age with increasing 
galaxy luminosity. 
The effect of age on galaxy colour was shown previously (see Figure 3.2) with 
galaxies becoming increasingly red with age. The effect of metallicity on the colour 
of evolved galaxies (12Cyr old) can be seen in Figure 3.4, which shows the galaxies 
becoming increasingly red as the metallicity is increased from Z = 0.0001 (magenta 
dashed-line) to Z = 0.05 (red dot-dashed-line). 
The conventional explanation for an increase of metallicity with luminosity/mass 
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is that the more massive galaxies have deeper potential wells, and so are better 
able to retain their metals when the galactic wind, triggered by the heating of the 
interstellar medium by supernovae in the initial star-burst, ejects the remaining gas, 
and ends the epoch of star-formation. 
This dual interpretation of the red sequence slope is well known as the age-
metallicity degeneracy of old stellar populations, and it is difficult to break this 
degeneracy as long as one considers only photo-spectroscopic data from nearby clus-
ters. However, by considering the evolution of the red sequence with redshift it is 
possible to break this degeneracy, as the slope should remain relatively constant 
with redshift if it is a metallicity effect, whereas if it is caused by age differences, the 
slope will increase rapidly as the formation epoch of the fainter (and hence younger) 
galaxies is approached. 
3.2.2 Evolution of the Cluster Red Sequence 
The photometric evolution of early-type galaxies in higher redshift clusters (to 
1.2) has been examined by a number of authors (e.g. Aragón-Salamanca et al., 
1993; Ellis et al., 1997; Stanford et al., 1998; Kodama et at, 1998). 
Arag6n-Salamanca et al. (1993) examined the evolution of galaxies, selected 
using near-infrared imaging, in the fields of 10 rich clusters at 0.5 < z < 0.9. They 
detected a clear and systematic trend with redshift in the optical- near-infrared 
colours of the red cluster sequence galaxies, in which they become increasingly blue 
in a manner consistent with the passive ageing of stellar populations formed before 
zj ± 2. It does have to be noted that this survey did suffer the flaw that the 
galaxies were selected by colour rather than morphology, increasing the possibility 
of contamination from other galaxy types. 
Morphological selection of distant cluster galaxies became possible with the HST, 
and Ellis et al. (1997) analysed the colour-magnitude relations of three clusters at 
z 0.54 using HST photometry and morphological selection. They found relatively 
small dispersions in the relations even at these higher redshifts, indicating a high 
formation redshift (zj 3) for the stellar populations. They also did not detect a 
significant change in the slopes of the relations with respect to the Coma data, and 
found modest colour evolution in agreement with earlier studis. 
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Stanford et al. (1998) presented optical- near-infrared colour-magnitude relations 
for morphologically-selected (using HST imaging data) early-type (E+SO) galaxies 
in 19 clusters out to z 0.9. They observed no significant change in either the 
slope or the scatter of the colour-magnitude relationship as a function of redshift 
out to z 0.9. By comparing the optical- near-infrared colours of the C-M relations 
to that of the Coma cluster, they observed a progressive blueing with increasing 
redshift of the early-type cluster galaxies in a manner consistent with the passive 
evolution of an old stellar population formed in a burst at an early cosmic epoch 
(zj > 2). 
Kodama et al. (1998) invStigated the evolution of the colour-magnitude relations 
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change zj as a function of galaxy luminosity for the brightest three mag range (brighter galaxies 
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for morphologically-selected early-type galaxies in 17 clusters at 0.31 < z < 1.27, 
using the Kodama & Arimoto (1997) evolutionary model for elliptical galaxies. This 
model assumes that elliptical galaxy formation occurs in a monolithic collapse ac-
companied by a galactic wind. Star formation is burst-like with star-formation and 
gas-infall time-scales set to be 0.1 Gyr, followed by a galactic wind which occurs less 
than 0.5Cyr from the start of galaxy formation. The model is calibrated to the 
C-M relation of the Coma cluster, by changing either the mean stellar metallicity 
or the mean age of the galaxies as a function of luminosity/mass. In Figure 3.5 the 
zero-points (colour of the C-M relation at a fixed absolute magnitude) of the C-M re-
lations of the 17 clusters are compared with the models for various formation epochs. 
At redshifts below 0.6, the differences between the zero-points for the model C-M 
relations are too small to provide significant constraints on the formation epoch. By 
considering the relations of higher redshift clusters, particularly those beyond z " 1, 
the formation epoch of these early-type galaxies can be constrained to z1 > 3. 
The evolution of the C-M relation slope with redshift is shown in Figure 3.6. It 
was found to be also in good agreement with the metallicity-sequence model, with 
little increase with redshift even beyond z = 1, certainly much less than would be 
expected if the slope were produced as a result of age differences. Both the evolution 
of the C-M relation zero-point and slope with redshift were found to be best fit by a 
metallicity-sequence model in which the epoch of major star-formation was zj = 4.5. 
The effect of a non-zero value for QA  is to move the galaxy-formation redshift in 
order to produce the same galaxy ages at z 1, and so for the I1M = 0.3, )A = 0.7 
model used here, the galaxy-formation redshift is reduced to zj = 3.5. 
3.2.3 Motivation for using the Cluster Red Sequence Method 
The basic premise motivating the use of the Cluster Red Sequence method is the 
observation that all rich clusters have a population of early-type galaxies which fol-
low a strict colour-magnitude relation. To date there is no evidence for a population 
of clusters not having a red sequence for z c 1, and although the universality of 
the red sequence in clusters at z > 1 has not been thoroughly tested, due mainly to 
the lack of known clusters at these redshifts, it is striking that all the high-redshift 
clusters studied so far have red sequences. 
All the current observational evidence (discussed in the previous two subsections) 
indicates that red sequence galaxies form remarkably homogeneous populations, 
both within a single cluster, and between clusters. Studies following the evolution 
of this population with redshift indicate that the stellar population of early-type 
galaxies is formed in a synchronous manner at high redshifts (zf > 3). Finally, each 
of the properties of the C-M relation, its slope, scatter, and zero-point, for all the 
studied clusters to z 2f 1.2, can be successfully described by a single model, in which 
the epoch of major star-formation was zf = 4.5, and the slope is a product of the 
increase in metallicity with galaxy mass/luminosity. 
Beyond the homogeneity of its population, and the ability to model its properties, 
there are numerous other observational reasons for using the red sequence as a tool 
for cluster finding. Firstly, the red sequence galaxies generally dominate the bright 
end of the cluster luminosity function, and so are the easiest cluster members to 
detect, and will also have the smallest photometric errors. Secondly, these galaxies 
are concentrated in the densest regions of clusters (as described by the density-
morphology relation; Dressler, 1980), thus presenting a higher contrast against the 
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background. For regular, core-dominated clusters, they tend to be more concen-
trated in the core than other morphological types, and even in irregular clusters, 
they still trace the highest density regions. 
A key advantage of the cluster red sequence method results from the relative 
ages of the stellar populations of the early-type and other galaxies. As discussed 
previously, the early-type galaxies can be successfully modelled by a simple stellar 
population formed at an early epoch (z1 > 3). In contrast, the spectra of other 
morphological types of galaxies show signs of recent or ongoing star-formation, and 
are dominated by relatively young stellar populations. An examination of Figure 3.2 
shows that the addition of even small amounts of recent star-formation results in a 
large increase in flux at short wavelengths, causing the galaxy to appear bluer at 
optical wavelengths. 
Figure 3.7 shows model colour-magnitude tracks, from z = 0.1 to z = 1.0, for 
galaxies of various spectral types (from Coleman et al., 1980), as well as the expected 
location of the cluster red sequence at the same redshift, using the evolutionary 
model of Kodama & Arimoto (1997). Since the early-type galaxies which make up 
the cluster red sequences are likely to represent the oldest stellar populations in the 
universe, they must be as red or redder than any other galaxies at a given redshift. 
A particularly noticeable feature in the spectra of early-type galaxies is the strong 
break at 4000 A, emphasised by the absence of young blue stars. By selecting the 
filters to cover this break, the cluster red sequence is as red or redder than other 
galaxies at a given redshift, and all lower redshifts. This has huge consequences for 
the use of this method to identify high redshift clusters. As the cluster red sequence 
galaxies at high redshifts are redder than all nearer galaxies, it is possible to eradicate 
the problem of foreground contamination by removing those galaxies bluer than the 
cluster red sequence at a given redshift. As can be seen in Figure 3.7, the bulk of 
the contaminant galaxies to a cluster red sequence will then be intrinsically bluer 
galaxies at still higher redshifts. Moreover, since it is possible to remove foreground 
galaxies, projection effects due to two clusters at differing redshifts will be minimised, 
as the nearer cluster will have a bluer red sequence than the farther one, so the two 
can be separated. 
The final motivation for using the cluster red sequence is that the colour of the 
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observed cluster red sequence can be used as an extremely precise redshift indicator. 
This is due partly to the homogeneity of the red sequence galaxy population between 
clusters so that the red sequences of two clusters at the same redshift will have the 
same colour. Secondly, it is possible to determine the zero-points of the cluster red 
sequences to a high level of precision, due to the small intrinsic colour scatter of 
galaxies about the relation, and the reduction in photometric errors by averaging 
over many galaxies. By selecting filter bands carefully, so that the rate of increase of 
cluster red sequence colour with redshift is maximised, redshift estimates accurate 
to ai 0.02 are possible, comparable to the best results attainable using other 
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methods in conjunction with photometry for four or more bands. Gladders & Yee 
(2000) reported a mean redshift error of zXz = 0.026 for 23 z < 0.5 clusters from the 
CNOC2 redshift survey when applying the cluster red sequence algorithm to V, I 
imaging data. 
3.2.4 Basic Implementation of the Cluster Red Sequence 
method to Identif' Clusters 
The basic implementation of the cluster red sequence algorithm is to split the galaxy 
catalogue into a series of redshift slices by selecting the subset of galaxies whose 
colours and magnitudes are consistent with the colour-magnitude relation at that 
redshift. Effectively the galaxy catalogue is split into colour slices, centred on the 
colour-magnitude relation for a given redshift, and whose widths are equal to the 
width of the redshift slice, with allowances for the intrinsic colour scatter of cluster 
red sequence galaxies and photometric errors. For each slice the galaxy surface 
density is estimated using the adaptive kernel method discussed in the next section. 
Significant peaks in each redshift slice are then identified as cluster candidates at 
that redshift. 
3.3 Cluster Analysis Methods 
The finding of clusters, associations or patterns amongst a set of data points is one 
of the most important problems of analysis across all scientific disciplines, and has 
produced a vast array of methods. Many of these methods have been translated 
into a cosmological framework to address a particularly well discussed problem, the 
detection and analysis of clusters and subclusters amongst a catalogue of galaxy 
positions. The methods of cluster analysis can be broadly divided into two families: 
parametric methods, which search for clusters of some pre-determined form and 
which have been widely used in astronomy; and non-parametric methods, which 
use only the data points themselves and until recently have largely been neglected. 
The other main factor to consider when performing cluster analysis is the type of 
data produced by the galaxy survey: from purely two-dimensional (21)) imaging 
surveys using angular position only; to three-dimensional (3D) redshift surveys; and 
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in between multi-band imaging surveys with photometric redshift estimates based 
on galaxy colours and magnitudes (2D). 
3.3.1 Parametric Methods 
The critical feature of parametric methods of cluster analysis is their dependence 
on the choice of parameters that define the properties of a hypothetical cluster. A 
typical example is the automated clusterfinding method of Kepner et al. (1999): 
the adaptive matched filter. This uses cluster luminosity and radial profiles to 
produce a filter which is convolved with the data to produce cluster probability 
maps. The cluster luminosity and radial profiles are allowed to vary with redshift 
so that a cluster redshift estimate can be made, and the magnitude of any peak 
found allows the cluster richness to be estimated. The advantage of using filters 
in cluster finding algorithms is that they maximise the signal of a cluster, and 
that quantitative information of the clusters detected, such as their richness, can 
be extracted in an objective manner over a large survey. A problem with using a 
parametric approach is that by making assumptions of cluster shape and luminosity 
function, the survey becomes biased towards such clusters, whereas clusters in reality 
do not conform to the parametric forms of the filter, but often have significant 
substructure or asymmetry, and the luminosity function and galaxy type fractions 
vary greatly from cluster to cluster, particularly at high redshifts. Hence parametric 
approaches are most suited to large surveys containing a statistically significant 
number of clusters, where such asymmetries are averaged out. Another problem is 
the author dependency of the analyses due to their choice of parameters, meaning 
that different authors may obtain results that disagree significantly, despite using 
the same set of data because their parameters were chosen differently. 
3.3.2 A non-parametric approach to cluster analysis 
Some of the problems of parametric methods, can be addressed by using a method 
which, as far as possible, avoids making any assumptions about the structures, 
taking as its input, only the data points themselves. 
In this section a non-parametric method for cluster analysis is described, that 
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minimises the number of assumptions used, and gives an objective estimate of the 
clustering of a data sample. The method, proposed by Pisani (1993) for the uni-
variate case, and then extended to analyse multivariate data by Pisani (1996), is 
based on estimating the probability density function underlying the data sample, 
and the assumption that the maxima of this probability density function indicates 
the presence of a cluster. The cluster analysis thus has two stages: the first is the 
estimation of the probability density function underlying the data; and the second 
is the cluster (i.e. maxima) identification and analysis. 
3.3.3 Estimating the probability density function 
The estimation of the probability density function, F(r), for a data set P is a well-
known problem in statistics, and there exist a variety of methods for tackling it 
(see Silverman, 1986, for detailed discussion). Here we consider only the adaptive 
kernel estimator, which is widely considered to be the best behaved method for a 
general set of data, and which also requires no assumption about the true probability 
density. It is an extension of the fixed kernel estimator, in which each data point is 
smoothed by a kernel of fixed width (usually a Gaussian), and which is analogous to 
the simple counts-in-cells method, a commonly used statistical tool in astronomy. 
At this point it is worth noting the distance and separation formulae for points 
with angular positions r 1 = (ai,8) and r2 = (a2 ,82 ) for the 2-dimensional case, 
and with redshifts z 1 and z2 for the 3-dimensional case. 
The angular separation B of two points on a sphere is given by 
cos 0 = sin c5 sin S2 + cos J1  cos  S2  cos(a2 - or). 	 (3.1) 
The proper distance to a source at redshift z for an QA = 0 universe is (Mattig, 
1958)  
8 	
________ 
	
_2MZ+(QM2)[\/1+QMZ1} 
	 (37 
HO 	 QAc(1+z) 	 ' 
and the proper separation of two points ir, - r21 is found using the cosine rule 
ri — r2l = (s+s-2si s 2 cos9f/ 2 . 	 ( 3.3) 
The adaptive kernel can also be applied to 2 k-dimensional data, where photo-
metric redshift estimates exist, through the use of redshift slices (see e.g. Yee, 1998) 
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which, by considering those galaxies likely to lie at a specific redshift, increases the 
signal of any clustering, and gives an approximate cluster redshift. For example, 
the photometric redshift estimator HYPERZ produces redshift probability distribu-
tions which could be used as weighting factors allowing a series of slices at various 
redshifts to be produced. 
Now consider a data-set DN of N points in a d-dimensional space, with position 
vectors ri E d(j = 1,..., N), weighting factors w, and which has a true underlying 
probability density function F(r) which we wish to estimate. 
In the adaptive kernel estimator, the ith point is mapped by a kernel of width 
a1 , and the adaptive kernel density estimate fk(r) is given by 
1 	 N 
fak(r) 
=
K(r1, a1 ; r) wj, 
-= 	 '1=1 
(3.4) 
where K(r 1 , a1 ; r) is the kernel function of the ith data point at the position vector r. 
The choice of kernel function is not unique for a given r i , a, r, but the requirement 
that fak(V) is a good estimator of F(r) produces a number of conditions for the 
kernel function, namely: 
. K(r1, a1 ; r) is non-negative and real; 
it is bounded; 
• it is absolutely integrable in R; 
• and it is normalised so that f K(r€, a1; r)dr = 1. 
All these conditions are satisfied by the standard Gaussian kernel, 
a 	
1 	 / 1 1r1 - r1 2\ ; r) 
= ()d exp 	 2 	
) 	
(3.5) 
This is the kernel function adopted for this analysis, although there are alterna-
tive functions such as the Epanechnikov kernel which performs marginally better in 
estimating F(r) (Silverman, 1986), and for the 2-dimensional case is given below 
2/97r (3— jrj 
- r12/a?) if Ir, - 	 :~ i3- 
 01 	 (3.6) 
[P1 	 otherwise. 
However the Epanechnikov kernel is not differentiable over all of its domain, a 
property which is critical in the peak finding process as will be seen later. 
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The crucial aspect of estimating F(r) is not the precise shape of the kernel 
function, rather the choice of c. Too small a value will tend to over-model the noise 
of the data rather than F(r), while too large a value will over-smooth F(r), hiding 
its true features. In typical data-sets there are high-density regions where narrow 
kernels are required so that the detail of the clustering pattern is not smoothed out, 
but also low-density regions where more smoothing is required. This dependence 
of local density on the optimal amount of smoothing required is the aspect which 
fixed-width kernels cannot model, and hence the desire for adaptive kernels is clear. 
The estimate of the kernel widths a 1 is done through a two-step procedure: 
• In the first step a pilot estimate, f(r), of the probability density function, 
P(r), is made in which the kernel widths, c, are fixed at a. Parzen (1962) 
has shown that there exists a method to obtain an asymptotically optimal 
estimate of the kernel size a that works by minimising the integrated square 
error of the fixed-width kernel density estimate, fk(r) 
JSE(fk) 
= J [F(r) - fk(r)]2dr = L F2(r)dr 
 + L f(r)dr— 2 L F(r)fk(r)dr 
(3.7) 
Since the first term does not depend on the fixed-width kernel density estimate 
fk(r), it is possible to show Silverman (1986) that the minimisation of JSE(fk) 
is equivalent to the minimisation of the cross-validation M(fk)  defined by 
M(fk) = f f(r)dr —2 1 F(r)fk(r)dr. 	 (3.8) 
It is possible to show that, under mild assumptions (see Pisani, 1993, and 
references therein), M(fk)  can be expressed as a function of the sample data 
positions ri and kernel widths a, which for a Gaussian kernel is given by 
1 	 NN 
M (1k) 
= (E i wi) 2 	 [2 	
w,w3 	 ( 1 r - 
	
lj=I 	
(a?+c)]d/2exP\2 c?+a] / 
2 	 N ( 1 1r1.- r 
E 	 2 	
(3.9) 
t=1 
Thus by calculating M(fk) and iteratively varying a until the minimum of 
M(fk) is reached the optimal value of a for the fixed-kernel estimator fk(r) 
can be obtained. 
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• Having obtained a fixed-kernel estimate of the probability density function 
fk(r), we use this to adapt the kernel widths a 1 to suit the local density fk(rI) 
so that high-density regions have narrower kernels than low-density regions. 
This is achieved by setting a 1 = aA1 where A1 is a 'local bandwidth factor' 
defined as 
-0.5 	 N 
A— [fk ( ri) ] 	 ,logg= N 	 w1log[fk(rI)J, 	 (3.10) g 	 E1=1 cc, 1=1 
where g is the geometric mean of the local densities fk(r1). Thus the adaptive 
kernel estimate of the probability density function is given by 
N 
fak(7') 
=
K(r1, A1a; r)w1. 	 (3.11) 
ti=I 
• It is then possible to iteratively recalculate the adaptive kernel estimator by re-
optimising the value of a using the cross-validation method with o i = aA1 and 
producing a new pilot estimate with adaptive kernels rather than fixed kernels, 
which can then be used to recalculate the A1 and so on. The effect of successive 
iterations on the A 1 generally become negligible after 10-20 iterations. - 
• Although the value of a may be the optimal choice in the purely mathematical 
sense, because it is dependent on the distribution of data points, its value will 
change from one set to another. However it soon betame clear that it was 
desirable to have control over this value, so that the amount of smoothing 
could be kept constant for two different sets of data, or so that the value of 
a could be maintained at a fixed value, for example so that for two sets of 
points in different redshift slices, the proper angular distance corresponding 
to a could be maintained at a constant level. As a result it was decided to 
make a a free parameter which could be chosen by the user, rather than being 
determined by the cross-validation method, although the A 1 values are still 
estimated in an iterative manner. 
3.3.4 Cluster Identification and Analysis 
Having produced the adaptive kernel estimator of the probability density function, 
clusters are identified using the assumption that they correspond to local maxima 
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in the density distribution. The local maxima are found by solving for each of the 
data points (i = 1, N) the iterative equation 
d 	 Vfakfrm,i) 
= V m ,j + (3.12) 
l[Vfak(ri)/fak(Vi)]2 fak(Vm,i) 
where ri ,j = ri is the original position of the ith galaxy. This equation defines 
a path from each galaxy to a limiting point along the maximum gradient of the 
function fak(r). The limiting point r,j = limm.,o r., j is taken to be the location 
of the cluster. Although this may be a mathematically rigorous approach it is also 
computationally intensive, and so instead fak(V) was stored as an array of discrete 
values, and the local maxima identified as points in the array with values of fak(T) 
greater than or equal to those of all of their neighbouring points. Each galaxy was 
then identified with a local maxima, by starting at the point corresponding to the 
galaxy location, and iteratively moving to the neighbouring point with the highest 
value of fak  until a local maxima is reached. 
The cluster C can then be defined as the set of all the members i, of DN whose 
limiting points corrspond to the same local maxima in fak(r) and containing 
fl, 2 > 1 points: 
C,2 = 	 : 	 r,2 ;n,. > l} 
	 (3.13) 
with i = 1,..., N and p = 1, ...,v where s-' is the number of clusters present within 
DN. 
The set of local maxima that are associated with only single data points form 
the population of isolated points Co . Thus all points in DN are members of one of 
the clusters C,2 
 or are isolated points. However, some points which lie in the tails of 
clusters and so are initially classified as cluster members, are actually more likely to 
be isolated or background points. These are known as interlopers, and the processes 
described below have to be repeated: the first pass identifies the interlopers and the 
second pass recalculates the cluster membership probabilities having reassigned the 
interlopers to the group of isolated points Co. 
The contribution to the local density fak(r) due to the pth cluster is the sum of 
the kernels of its member galaxies i, hence 
F(r) = > 1 	 K(r1, A 1 c; r)w1 . 	 ( 3.14) 
I 'S 
109 
The contribution of background or isolated points to the local density is initially 
estimated (i.e. on the first pass) through 
Fo (r) = 
	 K(r, c0 ; r), 	 (3.15) 
where ao 
 is the average width of the kernels associated with isolated or background 
data points, or is set so that Fo(r) equals the known value of the background con-
tribution. 
Having located the clusters from the density peaks, it is possible to consider 
their member galaxies on an individual basis through the relative contributions of 
the background and cluster local densities at the galaxy position. The probability 
that a given point is isolated, and hence due to the background component, can 
then be defined as 
P(i e 0) = Fo(r,) 	 (3.16) fak (ri) 
In the first pass, the interlopers are assigned to one of the ii clusters, and so the 
total density estimate fak(r) has not accounted for the background contribution. 
Hence, for the first pass, the probability that a point is a member of the pth cluster 
is the fractional contribution of the cluster to the local density, after considering the 
background contribution 
P(i e p) = 11 - P(i E 0)} F(r2) (3.17) fak(Ti) 
The interlopers for each cluster p = 1, ..., ii can now be identified as the members 
which satisfy 
P(i E 0) > P(i E it). 	 (3.18) 
Each of the interlopers is now reassigned to the group of isolated points, Co , so 
all points are now assigned to their most likely group, either the group of isolated 
points or one of the clusters. 
The background density Fo (r) can now be estimated as the sum of the kernels 
for the members i0 of the group Co 
Fo (r) = 	 1
'
EN 
1 	
K(r, A 1 a; r)w1 , 	 ( 3.19) 
= 	 iECo 
and the contribution to the local density fak(V) due to the pth cluster can be re-
calculated using equation 3.14 but not counting the kernels of the points defined as 
interlopers. 
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All the density in fk(r) has now been accounted for in the background and 
clusters, as each kernel is counted once, so that 
f(r) = Fo(r) + E F(r). 	 (3.20) 
Hence the cluster membership probabilities P(i E i)  can easily calculated as the 
fractional contribution of F(r1) to the local density 
P(i E jt) - F(r1 ) 
- fak(Ti) (3.21) 
For each member i,1 E C,, the estimates P(i,. E 0 and P(i, E A), with A = 1,..., ii 
can be made, and then used to obtained detailed information about the cluster and 
its membership. The probable number of galaxies in each cluster, n, for example 
is given by 
N 
= P(i E (3.22) 
We can consider a cluster to be compact and well defined if for a large fraction 
of its members i the probability that they belong to it, P(i1 E p), is greater than 
0.90. 
It is possible to determine the statistical significance S, of the pth cluster, by 
measuring the effect of the presence of the uth cluster in increasing the local den-
sity, and hence the sample likelihood LN, over that which one would have if the 
members of the pth cluster were all isolated and hence belonging to the background 
component, as described by L,. where 
I LN = IT 	 F2(r)  , 	 ( 3.23) L=o I 
1 	 1 
LM = II 	 - F(r1) + 	 K(r1, a0 ; rj)w I, 	 (3.24) I 	 'jCtz 	 j 
= _21n 
(±N) 
.' 	 (3.25) 
\L 
The cluster significance S is distributed as chi-squared with one degree of free-
dom, and so the values of S, for the pth group to be significant at the 5%, 1%, 
and 0.1% levels are 3.8, 6.6 and 11.0 respectively. However care must be made in 
interpreting these results, as they are affected by the choice of background level. 
It is also interesting to examine the overlap or contact between clusters. A cluster 
p can be said to be in contact with a second cluster \(34 ji) if there is at least one 
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member of the pth cluster that could have been classified as being a member of the 
Ath cluster, or 
P(i,. e A) ~! P(i,. E 0) for some i, 
€ 
C,2 . 	 (3.26) 
Two clusters which are close together may share several members, so that there 
is significant overlap. The amount of overlap or contact can be measured by 
£(p,A) 
=  E P(i, € A)wI M + E P(i € p)w. 	 (3.27) 
iAEC,2 	 ZAECA 
If significant overlap between two or more clusters is observed, the possibility 
that a single elongated cluster has been misidentified as a multimodal structure 
should be investigated. The theorem of Fukunaga (1972) proves that the optimal 
kernel shape for a unimodal structure is the same as that of the structure, i.e. the 
optimal kernel shape for investigating an elongated structure is also elongated along 
the same major axis. As a result a circular or spherical kernel is not the optimal 
kernel shape for an elongated cluster, and so may misidentify it as a multimodal 
system. 
In the case of contact between two or more clusters, where there is a possibility 
of misidentification, a second analysis using the optimally shaped kernels will clarify 
the situation. 
To determine the locally optimal kernel, for the two clusters p and A, calculate the 
covariance matrix A, which for example in the 2-dimensional Cartesian coordinate 
system (x, y) is 
A= ( var(X) cov(XY) '\ 
(3.28) I, 
\ cov(XY) var(Y) ) 
in which the variances and covariances are calculated after weighting each data point 
by the probability that it is a member of one of the two clusters, P(i € p) + P(i E A). 
The eigenvectors of this matrix are parallel to the major axes of the best-fitting el-
lipsoid for the structure, and the eigenvalues correspond to the axes lengths squared. 
The area of this ellipsoid is equal to 7r(detA) 11'2 , and so to be the optimal kernel 
this has to be normalised for each point to equal ira?, i.e. the area of the Gaussian 
kernel of width a1 . The locally optimal kernel is then given by 
a; r) = 	 1 	 1 (r - r1)TA_l(r - vi)] exp 	 (det A)'/2o] 	 (3.29) 
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If after smoothing the data with the locally optimal kernels the cluster system 
remains multimodal, then it may be that one of the clusters included in the sub-
catalogue is spurious and has biased the estimate of the locally optimal kernel, but 
if this is not the case then the system must be a set of separate, although close, 
clusters. Otherwise if the system is ullimodal the final density estimate can be 
found be using the locally optimal kernels for the members of the merged system, 
and the original radially-symmetric kernels for the non-merged and the points not 
included in the sub-catalogue 
1 	 N 	 1 	 TA_i 
fak_opt(V) = 
	
(c)d 
exp [2 
	 (detA1)'/2c? r ] 
	
(3.30) 
where A, is set to the covariance matrix A for the members of the merged system, 
and A, is set to the identity matrix I for the remaining points. 
The use of non-radially symmetric kernels is equivalent to the approach suggested 
by Fukunaga (1972) of firstly 'pre-whitening' the data by linearly transforming them 
to have unit covariance matrix, next smoothing using a radially symmetric kernel, 
and finally transforming back. Hence the process of using non-radially symmetric 
kernels is termed 'whitening'. 
3.3.5 Estimating the Significance of Substructure 
The previous analyses give a qualitative feel for whether substructure is real, but 
some method of obtaining a quantitative significance level is desirable. The ques-
tion that needs to be answered is 'What is the probability of the null hypothesis that 
the galaxies belonging to the substructures are drawn instead from a single cluster?' 
One method for examining the null hypothesis is the likelihood ratio test statistic 
(LRTS) (Ashman et al., 1994; Kriessler & Beers, 1997) which evaluates the improve-
ment in fitting the data of a two-component model over a single elliptical Gaussian 
probability density function. 
Consider again the data-set DN to which the adaptive kernel estimator has been 
applied from which the clusters A and B have been identified, and we wish to deter-
mine the probability that the galaxies in the two clusters are drawn from a unimodal 
distribution. The best-fitting single- and double-elliptical Gaussian probability den-
sity functions are determined using the means and covariance matrices of the data 
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points weighted by their cluster membership probabilities P(i E A) and P(i E B). 
The centres of the one- and two-component Gaussians for example are given by 
r(2A) = 	 P(i E A)t'1 	 (3.31) 
10 (28) = - 	 P(i e B)r1 	 (3.32) 
nB i=1 
1 	 N 
= 11 A + B 	
{P(i € A) + P(i e B)}r. 	 (3.33) 
The best-fit one- and two-component models, 1(1), and 
 1(2),  are thus given by 
(viA + 12B)(det Aw)" 2 	 1 1 f(i)(r) 
= 	 (2/2 	 exp 	 - V )TA1(r - w)] (3.34) 
- nA(detA(2A))"2 
	
I • 
f(2)(t) - 
	 (270d/2 	 exp [—(r - V(2A))TA1)(r - r(2A))} 	 (3.35) 
+ 11B(det A (28))'/2 	 1 
(2/2 	 exp 1
- 2
(r - r(2n))TAB)(r - r( 22))] 	 (3.36) 
The measure of the fits by the one- and two-component models are evaluated 
through the log-likelihood values 
N 
ln Lc(1) = E{P(i € A) + P(i E )}fw() 	 (3.37) 
In Lc(2) = E{P(i E .4) + P(i € B)}f( 2)(rI), 	 (3.38) 
and the improvement in going from a single to a double elliptical Gaussian fit is 
then evaluated by the LRTS 
I Lc(2)\ A =-21n 
'Lc(1)) 	 (3.39) 
Except for the simple univariate case where comparison with the chi-squared 
distribution will suffice, the only way to reliably assess the statistical significance of 
a particular value of the LRTS is a bootstrap estimation. This is achieved by gener-
ating bootstrap catalogues under the null hypothesis that the data points assigned 
to clusters A and B are drawn from the best-fitting single-elliptical Gaussian prob-
ability density function with mean ij and covariance matrix A ( , ) . Each bootstrap 
catalogue thus contains N data points, made up of those points from the original 
catalogue not assigned to clusters A and B, and the remainder drawn from the null 
hypothesis distribution. The applied kernel estimator is applied to each bootstrap 
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sample, and for those catalogues in which bimodality is again observed, a value of A 
is obtained. The value of A from the actual data can then be compared to the null 
distribution of A values calculated from the bootstrap samples to find the level of sig-
nificance, by considering the probability that a null sample produces a larger value 
of A (i.e. a more significant substructure) than the actual data. Conventionally, 
a probability less than 5% indicates that the null hypothesis is strongly inconsis-
tent with the data, whereas probabilities between 5% and 10% indicates marginal 
inconsistency. 
The terms and methods described in this section will become clearer when ap-
plied to actual data in the remainder of the thesis. 
3.4 Applying the Cluster Red Sequence Method 
to the BTC Images 
In the previous sections the scientific justification for the use of the cluster red 
sequence method to finding galaxy clusters using imaging data was discussed, as 
well as its basic implementation, before going into the theory of the adaptive kernel 
estimator of the galaxy surface density. In this section the details of their application 
to finding galaxy clusters in the BTC images, both at low and high redshifts, are 
described. 
3.4.1 Definition of the Redshift Slices 
The first step is to determine the expected photometric behaviour of the red sequence 
as a function of redshift. For this, the Kodama & Arimoto (1997) evolutionary model 
is used as discussed earlier, with the the metallicity sequence calibrated to the Coma 
cluster, and the formation epoch set to zj = 4.5, i.e. the best fitting model to the 
data of Kodama et al. (1998). 
It was decided to divide the data into photometric redshift slices of width 
/2sz = 0.025 from z = 0.05 to z = 0.6. At these redshifts, an increase in redshift of 
0.025 corresponds to an increase in the V - I C-M relation colour of c 0.05, compa-
rable to the intrinsic scatter of the relation and the typical photometric errors. This 
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results in colour slices of width A(V - I) 0.1, and means that each galaxy would 
be in two slices on average. The upper redshift limit of z = 0.6 was necessary, as 
beyond this, the efficiency of the C-M relation algorithm at determining accurate 
redshifts decreases, due to the choice of filters, and the increased photometric errors 
as the galaxies become fainter and redder. Instead, a single high redshift slice is 
considered for all galaxies redder than the z = 0.5 C-M relation, the results of which 
will be discussed later. Another redshift slice is considered for all clusters nearer 
than z = 0.05, by considering all galaxies bluer than the z = 0.05 C-M relation. 
For each redshift slice, bounding rd sequences were determined so that the width 
of the slice in the colour-magnitude plane included both the intrinsic scatter of the 
C-M relation, and the photometric errors. For the redshift slice centred on a redshift 
z, the upper and lower bounding red sequences were given by 
[V - I]+(I) = 	 [V - I](z, I) + (zx[V - I](V - 1,1)2 + 1xR82)l'2 (3.40) 
[V - I]_(I) = 	 [V - I](z, I) - (zx[V - I](V - 1,1)2 + ARS 2 ) 112 ,  (3.41) 
where [V—I] (z, I) is the colour of the red sequence at a given redshift and magnitude, 
- I](V - 1, I) is the photometric colour error of galaxies at a given colour and 
magnitude, and ERS is the intrinsic colour scatter seen in cluster red sequences. A 
value of ARS = 0.075 is used here (Cladders & Yee, 2000; Stanford et al., 1998). 
A faint magnitude limit is also applied to each redshift slice, an absolute magni-
tude limit of Mv = —17, or I = 23.5, whichever is brightest. A faint absolute limit 
is applied as red sequence galaxies are intrinsically more luminous than Mv = —17, 
and so beyond this level only noise is being added. The limit of I = 23.5 is applied 
as the red sequence galaxies at this magnitude limit are only just detected in the V 
image, and so the resultant photometric errors become much larger than the width 
of the redshift slices. Figure 3.8 is a colour-magnitude diagram that shows the posi-
tions of the red sequences for each redshift slice, with each galaxy plotted as a point 
whose colour indicates the redshift slice to which it has been assigned, if any. 
3.4.2 Estimating the Galaxy Surface Density 
Having determined the upper and lower bounding C-M relations, and set a faint 
magnitude limit for each redshift slice, subsets of the galaxy catalogue satisfying 
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Figure 3.8: Colour-magnitude diagram showing the positions and contents of the redshift slices. 
Each cluster red sequence from z = 0.05 to z = 0.60 in increments of zXz = 0.025 is shown as a 
near-horizontal red line whose endpoints are defined as Mv = — 23 and Mv = —Il at the sequence 
redshift. Each galaxy from the BTC image is plotted as a point whose colour indicates the redshift 
slices (if any) the galaxy has been assigned to. Note that although many galaxies are assigned to 
two or more redshift slices, due to the way in which the points are plotted, the colour corresponds 
to the lowest redshift slice to which the galaxy is assigned. Black points indicate that the galaxy 
is not assigned to any redshift slice due to failing the M,, < —17 absolute magnitude selection 
criterion. The blue points at the bottom of the diagram are those assigned to the z < 0.05 redshift 
slice, and the red points at the top of the diagram are those assigned to the high redshift slice, 
being redder than the z = 0.50 cluster red sequence. 
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the selection criteria are created for each slice. 
To estimate the galaxy surface density for each redshift slice, the adaptive kernel 
estimator is applied. As discussed earlier, instead of determining the optimal kernel 
width, a, through the cross-validation method, it was decided to set this manually, 
to a constant proper angular scale of 0.35 h'Mpc (for an Q m = 0.3, Ili = 0.7 
universe). This is similar to values used by other authors (Gladders & Yee, 2000, 
use 0.33 h'Mpc), and appears close to optimal for all redshift slices. Note that in 
terms of an observed angular size, this results in a much greater smoothing for lower 
redshift slices than for higher redshift slices. 
The density maps for each redshift slice, faA,(r, z) must be transformed to a single 
standard measure (such as a of detection), before comparing one slice with another, 
or combining the slices into a three-dimensional density map. This is necessary 
because the meaning of a given density value changes between the slices, due to the 
change in mean density, and the apparent size of the kernel, from one redshift slice to 
another. The natural approach is to consider the significance of a given density level 
by estimating the background galaxy density and standard deviation for each slice. 
These values can in principle be easily extracted from the fak(r, z), but the possible 
effect of any clusters should be considered first. The presence of a galaxy cluster 
in a redshift slice is likely to affect the a of the fk(r) through the resulting region 
of high density values. However, as the clusters will occupy only a small fraction 
of the total surface area of any map, it is possible to effectively remove them from 
the statistics by excluding some fraction of the highest valued regions (and lowest 
to preserve symmetry) from the map. Hence the background galaxy density level 
and standard deviation are taken to be the mode and standard deviation of fak(r), 
after excluding the 5% highest and lowest density values from the statistics. 
The resultant normalised redshift slices are shown in Figures 3.9-3.12. In each 
image regions with galaxy densities 1.5a below background level or lower are indi-
cated by black colours, and regions with galaxy densities greater than 10 or above 
the background level indicated by white colours. 
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Figure 3.9: The galaxy surface densities of the lowest six redshift slices (0< z <0.15) from the 
BTC images. The lowest density regions are indicated by blue and black colours, whilst the highest 
density regions are indicated by red and white colours. A physical angular distance of 500 hkpc 
at the central redshift is indicated for each map. A cluster at z = 0.05 is apparent as a significant 
high-density region in the top-right corner of the z = 0.05 redshift slice. 
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Figure 3.10: The galaxy surface densities of the next six redshift slices (0.15< z < 0.30) from 
the BTC images. The lowest density regions are indicated by blue and black colours, whilst the 
highest density regions are indicated by red and white colours. A physical angular distance of 
1 h 1 Mpc at the central redshift is indicated for each map. A cluster at z 0.25 is apparent as 
the coincident high-density regions in the top-left corners of each of the z = 0.25, z = 0.275 and 
z = 0.30 slices. 
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Figure 3.11: The galaxy surface densities of six intermediate-redshift slices (0.30< z <0.45) 
from the BTC images.The lowest density regions are indicated by blue and black colours, whilst 
the highest density regions are indicated by red and white colours. A physical angular distance of 
2 h'Mpc at the central redshift is indicated for each map. 
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Figure 3.12: The galaxy surface densities of the highest six redshift slices (0.45 < z < 0.60) from 
the BTC images.The lowest density regions are indicated by blue and black colours, whilst the 
highest density regions are indicated by red and white colours. A physical angular distance of 
2FC 1 Mpc at the central redshift is indicated for each map. 
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Figure 3.13: I-band image of a 6.1 x 4.2 arcmin 2 
 region containing the galaxy clustering apparent 
in the z = 0.05 redshift slice of Figure 3.9. Galaxies from the z < 0.05, z = 0.05, z = 0.075 and 
= 0.10 redshift slices are indicated by green, yellow, orange and red circles respectively whose 
radii indicate their I magnitudes. 
Figure 3.14: False colour image of the z = 0.05 cluster region. 
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Figure 3.15: Colour-magnitude diagram of galaxies within 250h'kpc (at z = 0.05) of the central 
bright galaxy from the z = 0.05 cluster. Galaxies within the z = 0.05 and z < 0.05 redshift slices 
are indicated by x and + signs respectively. The Kodama & Arimoto (1997) model red sequence 
at z = 0.05 is indicated by a near-horizontal line. 
3.5 Example Clusters from the Redshift Slices 
As a demonstration of the validity of the cluster red-sequence method as applied 
to the BTC images, two example low-redshift clusters found by the method are 
presented here. 
The most significant detection in the first six redshift slices (0 < z < 0.15) of 
Figure 3.9 is that apparent in the top-right corner of the z = 0.05 redshift slice. 
Figure 3.13 shows the I-band image of the cluster region with the galaxies from the 
z < 0.05,z = 0.05,2 = 0.075 and z = 0.10 redshift slices indicated by green, yellow, 
orange and red circles respectively, and whose radii indicate their I magnitudes. 
A poor, compact group is apparent, centred on a bright galaxy (I = 15.32 - 
cv = 10h48m4258s 5 = +5042m29.38 ), which is unfortunately close to a bright 
star. Figure 3.14 shows the false colour image of the same region. The red sequence 
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galaxies are apparent as bright white-coloured galaxies. Figure 3.15 is the colour-
magnitude diagram of galaxies within 250h'kpc (at z = 0.05) of the bright central 
galaxy. Galaxies within the z = 0.05 and z <0.05 redshift slices are indicated by x 
and + signs respectively. The Kodama & Arimoto model red sequence at z = 0.05 
is indicated by a near-horizontal line. A red sequence is apparent, although the 
two brightest galaxies do not lie particularly close to it, probably due to the effect 
of the nearby bright star to the I-band photometry. Although the cluster appears 
relatively poor, and despite the effect of the bright star, a red sequence is apparent, 
and is clearly detected by the cluster red sequence method. 
At higher redshifts, the most significant detection is that observed in the top-left 
of both the z = 0.25 and z = 0.275, and to a lesser extent the z = 0.30, redshift 
slices of Figure 3.10. 
Figure 3.16 shows the 7.1 x 4.5arcmin 2 (corresponding to 1.5 x 0.9h'Mpc at 
= 0.25) I-band image of the cluster region with the galaxies from the z = 0.225, 
z = 0.250, z = 0.275 and z = 0.30 redshift slices indicated by green, yellow, orange 
and red circles respectively, and whose radii indicate their I magnitudes. 
A cluster, somewhat richer than that of the z = 0.05 slice, is apparent, centred 
on a compact clump of galaxies around what is presumably the brightest cluster 
galaxy. Figure 3.17 shows the false colour image of the same region, with the red 
sequence galaxies apparent as bright yellow-coloured galaxies. Figure 3.18 is the 
colour-magnitude diagram of galaxies within 500 h'kpc (at z = 0.25) of the bright 
central galaxy. Galaxies within the z = 0.250 and z = 0.275 redshift slices are 
indicated by x and + signs respectively. The best fitting red sequence from the 
Kodama & Arimoto (1997) evolutionary model is shown as a near-horizontal line, 
and corresponds to a redshift of z = 0.263. The red sequence is very clear with 
65 galaxies from the two redshift slices within 500 Ir'kpc of the cluster centre, 
whereas elsewhere in the BTC image 19.73 galaxies would be expected for a same 
sized region. The intrinsic photometric scatter of the red sequence is small with 
Ls(V - I) = 0.045, corresponding to an error in redshift of 0.013. Note that this 
is the best fitting model red sequence, and so the slope is constrained, and not fit 
by linear regression, only the C-M relation's zero-point is a free parameter. This 
cluster would be detected by a simple cluster finding algorithm, as an overdensity of 
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Figure 3.16: I-band image a 7.1 x 4.5arcmin 2 
 region containing the galaxy clustering apparent 
in the z = 0.25 and z = 0.275 redshift slices of Fig. 3.10. Galaxies from the z = 0.225, z = 0.250, 
z = 0.275 and z = 0.30 redshift slices are indicated by green, yellow, orange and red circles 
respectively whose radii indicate their I magnitudes. 
Figure 3.17: False colour image of the z = 0.25 cluster region. 
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Figure 3.18: Colour-magnitude diagram of galaxies within 500h 1 kpc (at z = 0.25) of the central 
bright galaxy from the z = 0.25 cluster. Galaxies within the z = 0.25 and z = 0.275 redshift slices 
are indicated by x and + signs respectively. The best-fitting Kodama & Arimoto model red 
sequence, corresponding to z = 0.263, is indicated by a near-horizontal line. 
bright I-band galaxies, 111 1< 21 galaxies are found within the 500 h'kpc radius 
whereas, in 100 000 circular regions of the same radius taken at random from the 
BTC image, only 74.13 ± 15.09 are found, a 2.44c excess. 
These two examples demonstrate the validity of applying the cluster red sequence 
method to finding low-redshift clusters in the BTC images, and estimating their 
redshifts. Both examples would be detected using conventional approaches based 
on simple galaxy overdensities, but this method has the advantage of being able 
to estimate their redshifts in an accurate wanner in theory, although given that no 
spectroscopic confirmation exists to date, this accuracy has yet to be tested. Finally, 
the detection of clear red sequences in the BTC image is not only a validation of the 
method, but also an internal consistency check of the photometry, as the average 
error in the measurement of the sources' V—I colours must be less than the observed 
scatter in the red sequence. 
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3.6 Summary 
One of the most important aspects of observational cosmology is the detection and 
characterisation of galaxy clustering, by providing important constraints for both 
cosmological models and galaxy evolution. Numerous algorithms have been devel-
oped to perform this procedure in both wide field imaging and redshift surveys. 
In the case of the BTC images, where the information pertaining to each galaxy 
is limited to magnitude, position and one colour (V—I), the most appropriate choice 
of cluster detection algorithm is the Cluster Red Sequence method of Gladders & 
Yee (2000). This chapter describes this method, and the motivation behind using 
it for this type of imaging data. This is based on the the fact that the bulk of 
early-type galaxies in all rich clusters, and at all observed redshifts, lie along a tight 
linear colour-magnitude relation, commonly referred to as the cluster red sequence. 
This red sequence appears homogeneous from cluster to cluster at the same redshift, 
and its colour evolves with redshift in a predictable manner, allowing an accurate 
cluster redshift estimate of to be obtained, a feature which makes it much more 
powerful than other algorithms. By selecting only those galaxies which lie on the 
red sequence corresponding to a particular redshift it is possible to obtain a redshift 
slice. Candidate clusters in each redshift slice can then be identified as density peaks 
in the galaxy number density. 
The Cluster Red Sequence method is then applied to the BTC images, producing 
redshift slices from z = 0.05 to z = 0.6. The use of the adaptive kernel method to 
estimate the surface density of galaxies in each redshift slice is described, and a 
number of candidate low redshift clusters are identified as density maxima in the 
slices. By considering the properties of two clusters found using this approach, the 
validity of applying the cluster red sequence method to finding clusters in the BTC 
images is demonstrated. 
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Chapter 4 
The Identification of Galaxy 
Clustering Associated with the 
Clowes-Campusano Large Quasar 
Group. 
4.1 Introduction 
The main objective behind obtaining the ultra-deep BTC V and I images was 
to identify galaxy clustering associated with the Clowes-Campusano Large Quasar 
Group at z 1.3, and in particular, the three members of the group contained in 
the images. Although the Cluster Red Sequence method of Gladders & Yee (2000) 
is not ideally suited to identifying galaxy clustering at such high redshifts in the 
BTC images, the principles described in the previous chapter can be applied and 
the properties of the red sequences at high redshifts can be used to find evidence of 
any associated galaxy clustering. 
In ideal circumstances near-infrared imaging would be used in conjunction with 
the optical images to allow the cluster red sequence to be followed accurately to such 
high redshifts. Such imaging would allow redshift estimates accurate to Az 1< 0.05, 
sufficient to identify any clustering associated with the quasars, and would provide 
a definitive answer as to whether the group traces large scale structure, and provide 
insights into how the quasars trace the clustering. However, at present there are no 
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near-infrared cameras with fields comparable in size to the BTC; indeed they are an 
order of magnitude or more smaller in area, making a near-infrared survey of the 
whole field impossible at the present time. 
This chapter describes the examination of galaxy clustering at high redshifts in 
the BTC field through the selection of galaxies redder than the colour expected of 
red sequence galaxies at z = 0.5. The properties of these optically-red galaxies can 
be examined through comparison with the EIS-DEEP HDF-South field. This covers 
27arcmin 2 and has UBVRIJHK 8 photometry which reaches comparable depths as 
the BTC field in the V and I bands, allowing the same selection of red galaxies 
to be made. The properties of these galaxies can then be examined in terms of 
number density to see if the BTC field has an overall excess as would be expected 
if it contains a high-redshift large-scale structure associated with the quasar group; 
and accurate photometric redshift estimates to confirm whether they are indeed 
high-redshift early-type galaxies. 
4.2 High Redshift Galaxies in the BTC images 
As discussed previously, the BTC images are not ideal for identifying high-redshift 
(z > 0.5) clusters using the cluster red sequence method. Firstly, the choice of filters 
means that beyond z 0.5 the rate at which the cluster red sequence becomes redder 
with redshift slows markedly, thus reducing the accuracy of any redshift estimate. 
Secondly, at these high redshifts, the red sequence galaxies are approaching the 
detection limit in the V-band image, due to a combination of distance and red 
colour, and so the increased photometric errors will smooth out any red sequence in 
the colour direction and hence decrease its detectability. 
However, the red sequence galaxies of any high-redshift clusters will remain 
amongst the optically-reddest galaxies, and the foreground contamination can be 
minimised by removing those galaxies bluer than the z = 0.50 cluster red sequence. 
One advantage of the increased distance to these clusters, in terms of their de-
tectability, is that the angular size of the clustering will be reduced, resulting in a 
more compact and dense clump of galaxies and a higher contrast against the back-
ground. Hence by broadening the redshift slice, the ability to detect high-redshift 
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Figure 4.1: Evolution of galaxies' V - I colours as a function of galaxy type and redshift. The 
solid red curve corresponds to a simple stellar population formed in an instantaneous burst at 
zj = 4.5 (11 Gyr ago), and is thought to represent the colour evolution of massive ellipticals. The 
dashed green and dot-dashed blue curves correspond to stellar populations with exponentially-
decaying star-formation rates with time-scales (r) of 1 and 5 Gyr respectively, and are thought to 
represent the colour evolution of disk-dominated galaxies. 
clustering is increased at the expense of accuracy in the redshift estimate. 
Galaxies are selected to belong to the high-redshift slice if they are redder than 
the z = 0.50 cluster red sequence, and brighter than the I = 23.5 faint magnitude 
limit, resulting in the following selection criteria 
V - I > 3.6891 - 0.06517 >< 'total, 	 (4.1) 
	
'total < 23.50 	 (4.2) 
CLASS STAR < 0.95. 
	 (4.3) 
All galaxies passing the above selection criteria, and hence belonging to the 
high-redshift slice, will hereafter be described as red galaxies. 
Figure 4.1 plots model galaxy V - I colours as a function of galaxy type and 
redshift. The models are built using the Bruzual & Charlot evolutionary code (CIS-
5EL98; Bruzual & Charlot, 1993) and assume solar metallicity, a Miller & Scab 
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(1979) IMF and no internal reddening, and the galaxy ages for each model are cal-
culated for a H0 = 75 km s MpC', 11M = 0.3, DA = 0.7 universe. The solid red 
curve corresponds to a simple stellar population formed in an instantaneous burst 
at zj = 4.5 (11 Gyr ago), and is thought to represent the colour evolution of mas-
sive ellipticals. The dashed green and dot-dashed blue curves correspond to stellar 
populations with exponentially-decaying star-formation rates with time-scales (r) 
of 1 and 5 Gyr respectively, and are thought to represent the colour evolution of 
disk-dominated galaxies. 
All galaxies classed as belonging to the high-redshift slice have V - I > 2.1576. 
It is clear from Figure 4.1 that the selection of galaxies with V - I > 2.1576 is an 
efficient means of identifying early-type galaxies at z >1  0.5 as, neither galaxies at 
z <1  0.5 of any star-formation history, or late-type galaxies (as represented by the 
dashed green and dot-dashed blue curves) at any redshift, can be sufficiently red 
without the effect of internal extinction. 
In total 2616 sources detected in both the V and I images satisfy the above 
criteria and are classed as red galaxies. However when examining these sources 
in the I-band image it is apparent that a significant fraction (rs 
 10%) are false 
detections, making it necessary to inspect each source visually and removing the 
spurious detections by hand. The bulk of these contaminant sources are due to 
either the wide wings of heavily saturated stars' point spread functions boosting the 
I-band flux of faint sources, or random noise events near the field edges. Given that 
the faint magnitude limit of I = 23.5 is considerably brighter than the detection 
threshold of the BTC I-band images, it is relatively easy to distinguish between real 
and spurious sources for the vast majority of cases. After visually inspecting each 
source on two separate occasions; 263 sources were deemed spurious and discarded, 
leaving 2359 real detections of galaxies classed as belonging to the high-redshift 
slice. The process of classifying sources as real or spurious on the basis of a visual 
inspection is inevitably subjective, and hence there must be a certain amount of 
uncertainty about the final figure. However, given the relative ease of distinguishing 
the two classes of sources, the level of uncertainty is only likely to be about 10% of 
the number of sources discounted or —'25, i.e. —4% of the total of real sources. 
As well as those sources detected in both V and I images, there is a considerable 
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number of sources which are detected in the I image only and which are brighter 
than the faint magnitude limit of I = 23.5. Given that the V-band source catalogue 
is 90% complete to V = 25.8, 2.3 magnitudes fainter, any source brighter than the 
faint magnitude limit in I, but not detected in V is almost certainly sufficiently 
red to be classified as belonging to the high-redshift slice. In total 3278 sources are 
brighter than I = 23.5, but remain undetected in the V-band image. Of course, the 
most likely cause of a source not being detected in V-band image is that it is due 
to random noise or the result of a defect in the I-band image, and indeed the vast 
majority of these sources are spurious. The bulk of these contaminant sources is due 
to heavily saturated stars in the I-band image, with the sources found either in the 
wide wings of the stars' point spread functions, or along the diffraction or saturation 
spikes. They are then easily identified by position. Other spurious sources are due to 
defects in the image from cosmic rays or satellite trails (only in the regions covered 
by 1-3 exposures), or are the result of random noise fluctuations. After visually 
inspecting each source on two separate occasions, 658 sources were classified as 
being red galaxies. Again this process is by its nature subjective, which results in 
an uncertainty in the final figure of around 10%. 
In total 3017 sources in the 1417.98 arcmin 2 region covered by both V and I BTC 
images are classified as galaxies redder than the z = 0.5 cluster red sequence, and 
hence can be described as red galaxies. This corresponds to a mean galaxy number 
density of 2.13 galaxies per arcmin 2 . The uncertainty in this figure due to the 
process of classifying sources as real or spurious is 0.05, and so even a conservative 
classification, in which only sources that are certainly real are considered, will not 
result in a figure significantly lower than that obtained. 
The most significant source of contamination of the red galaxies is likely to 
be from red point-sources, presumably red dwarfs. Even though the star-galaxy 
classifier has been shown to work reasonably efficiently to I 22 (Figure 2.16), 
due to the relatively poor seeing levels in which the images were obtained (the 
last exposures of each night in particular), some stellar sources are likely to be 
misclassified as galaxies, especially near the faint magnitude limit. Indeed the most 
extreme red sources, with V - I > 3, are likely to be red dwarfs. The reddest that 
a galaxy can be at any given redshift, without resorting to internal dust extinction, 
133 
can be modelled by a solar-metallicity, simple stellar population formed at very 
early epochs (zj 	 4.5). The V - I colour evolution of such a stellar population 
is shown as the thick red curve on Figure 4.1, and it can be seen that this model 
galaxy population never becomes redder than V - I 	 3.3 at any redshift. In 
contrast, stars at the very low-mass end of the main sequence (M 
	
0.10 M ® ) can 
have colours considerably redder than (V - I = 3). Evolutionary models predict 
that a 5 Gyr old, solar-metallicity red dwarf will have a V - I colour of 3.27 at 
a mass of 0.10 M® , reaching V - I = 4.55 at the hydrogen-burning mass limit of 
0.08M ® (Baraffe et al., 1998). There is evidence for contamination by these very 
low-mass red dwarfs in the sources classed as high-redshift galaxies in the form of a 
population of -S-' 75 extremely red sources with V - I > 3, and stellarities close to 
the level at which sources would be classed as stars (0.80 CLASS_STAR < 0.95). 
Having ascertained that a contamination of red dwarfs is likely, the problem 
now is to estimate the level of this contamination, given that there are no spectral 
data which could verify how well the stellarity index is classifying stars and galaxies 
at these magnitude levels. Two approaches are considered: one is to consider all 
sources belonging to the high-redshift slice with ambigous stellarity classifications 
to be contaminant red dwarfs; and another is to assume that the most extreme red 
sources with V - I > 3.2 are all contaminant sources, and extrapolate to bluer 
colours using the colour distribution of sources classified as stars based on their 
stellarity index. 
In Figure 2.16 stellarity is plotted against 'total•  Two loci are apparent, one 
at stellarities greater than 0.95 which presumably is due to stellar sources which 
have been successfully classified, and the other at stellarities below 0.8 where the 
classifier is identifying galaxies efficiently. In between, there are a number of sources 
which do not obviously belong to either set, and for which there is some ambiguity 
in classification. Hence, an upper limit to the contamination by the red dwarf 
population can be made by considering all of the sources classified as high-redshift 
galaxies, but with ambiguous stellarity classifications, to be red dwarfs. In total 
248 sources in the high-redshift slice have stellarities between 0.8 and 0.95 and so 
the overall contamination from red dwarfs will be less than this value, and probably 
closer to 150 given that many of these ambiguous sources will be indeed high-redshift 
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galaxies. 
As a second estimate of the red dwarf contamination, the colour distribution 
of sources classified as stars by the stellarity index is used to estimate the fraction 
of stars redder than V - I > 3.2 out of those redder than the z = 0.5 cluster 
red sequence. Out of those sources classified as stars on the basis of morphology, 
16% of those redder than the z = 0.5 red sequence also have V - I > 3.2. If 
it is assumed that all of the 28 sources from the high-redshift galaxy slice with 
V - I> 3.2 and stellarities between 0.8 and 0.95 are contaminant sources, and that 
the colour distribution can be extrapolated to these sources, this results in a total 
contamination by red dwarfs of 175. 
Certainly both estimates are based on crude assumptions, but both produce 
similar results which do not appear unreasonable, and so it is likely that the con-
tamination due to red dwarfs is in the range of 100-250, i.e. less than 10% of the 
total. 
4.3 Comparison with the ESO Imaging Survey of 
the Hubble Deep Field South 
The ESO Imaging Survey (EIS; Renzini & da Costa, 1997) programme is a major 
public survey that was undertaken in preparation for the operation of the VLT. One 
of the main goals of the EIS was to carry out deep, multi-colour observations in 
the optical and near-infrared wavebands over a relatively large area ('-200 arcmin 2 ) 
to produce faint galaxy samples (EIS-DEEP), and then use photometric redshift 
techniques to identify interesting targets for follow-up spectroscopic observations 
with the VLT, such as Lyman-break candidates or EROs. One contributory factor 
behind this and other deep public surveys are the remarkable results produced by the 
Northern Hubble Deep Field (HDF). Such was the success of the HDF-North that 
the STScI completed a similar campaign in a second field, the HDF-South, which 
was accessible from southern-hemisphere sites. In response to these observations, 
ESO selected as one of their EIS-DEEP fields a 25 arcmin 2 region including the 
HDF-South WFPC2 field. Deep optical and near-infrared observations carried out 
at the ESO 3.5-metre New Technology Telescope (NTT), reaching 90% completeness 
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Figure 4.2: The co-added I-band ELS-DEEP image of the HDF-South field. The region also 
covered by the near-infrared images is indicated by the green border. The WFPC2 HST field 
is indicated by the blue border. The points labelled by yellow circles are those sources classi-
fied as belonging to the high-redshift slice, and the corresponding number indicates the source's 
identification number in the multi-colour optical catalogue of Table 4.1. 
limiting magnitudes of U 	 26, B - 26.5, V - 26, 11 - 26 and I 	 24.5 in the 
optical, and J -. 24, H 	 22.5 and K 	 22 in the near-infrared (da Costa et al., 
1998). 
The optical observations were carried out using the SUperb-Seeing Imager 
(SUSI2) camera which is made up of two thinned, anti-reflection coated, 2k x 4k 
CCDs with the long side aligned in the north-south direction, producing a field of 
view of 5.46x5.46arcmin 2 with a gap between the CCDs of 8 arcsec. A dithering 
pattern was used to cover this gap, but sources in this region and around the edges 
of the field were not considered. Even so, the noise levels around the edges of 
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the optical field are somewhat higher than for the centre, and this has resulted in 
a number of false detections due to noise near the field edges. The field centre 
for the optical images is 22132m42.43, 60 033'50", and the total effective area is 
5.1 x 5.3arcmin2
. The near-infrared images were obtained using the Son of ISAAC 
(SOFT) camera which has a Rockwell 1024 x 1024 pix 2 detector and a field of view of 
4.9 x 4.9 arcmin 2, slightly smaller than that of the SUSI2 camera. The near-infrared 
images were offset from the optical images in order to cover both the WFPC2 and 
STIS HDF-South regions, having a field centre of 22133m00.05, _60033l30F, which 
resulted in only half the optical ETS-DEEP field being covered by the near-infrared 
observations. The co-added I-band EIS-DEEP image of the HDF-South field is 
shown in Figure 4.2, with the regions also covered by the near-infrared and WFPC2 
HST images indicated by green and blue borders respectively. 
Although the ETS-DEEP HDF-South field is unfortunately small in comparison 
with the BTC field for use as a control field, it is currently the largest publicly 
available survey with comparably deep V, I imaging and catalogues. The main 
objective of using this survey as a control field is to examine the properties of galaxies 
that pass the V, I colour-magnitude selection criteria used to create the red galaxy 
subset for the BTC field. Firstly, a comparison of the galaxy number density in 
the BTC and ETS HDF-South fields may provide tentative evidence for large-scale 
structure associated with the quasar group in the form of an excess of high-redshift 
galaxies. However, given the small size of the ETS-DEEP field, only a few dozen 
galaxies are likely to pass the criteria resulting in a low significance for any result. A 
second aspect that can be examined by the ElS field is the redshift distribution of the 
selected galaxies, taking advantage of the UBVRI, or in some cases UBVRIJHK,, 
photometry to obtain redshift estimates and to confirm whether the selection criteria 
is finding the desired high-redshift galaxies. 
ESO have made public both the reduced images for each of the filters, and the 
source catalogues, both single-filter, and multi-colour, which in principle should 
allow the extraction of the red galaxies in a simple and straightforward manner by 
applying the same selection criteria as used for the BTC field. The multi-colour 
catalogues are created by detecting sources in a reference image that is formed from 
the co-adding of all the broadband images and using this reference to define a single 
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aperture used to measure the photometric properties of the source in each of the 
passbands. This ensures that the colour information for each source is accurate, 
but does not imply that the magnitude determined for a single passband includes 
all the flux from the source, as the extent of a source may vary greatly from one 
passband to another. Hence the total magnitude for a source in a given passband 
is most accurately estimated using apertures determined from the corresponding 
filter's image, in other words the single-filter catalogues. Hence where possible, the 
source's total magnitudeis taken from the single-filter catalogues, whilst its colours 
are taken from the multi-colour catalogues. The source detection is performed using 
the same SEXTRACTOR tool as used for the BTC images, and so the MAG_BEST 
value is taken to be the total magnitude in the f-band catalogue. As discussed 
earlier, the SEXTRACTOR package provides a star-galaxy classifier that produces 
a stellarity index, which is approximately the probability that a source is a point 
source. The paper describing the survey (da Costa et al., 1998) defines stars to be 
sources with a stellarity index greater than 0.85 in the I-band. Nearly all the sources 
classed as stellar lie close to the model stellar tracks, suggesting that these sources 
are indeed stars. However there does appear to remain some stellar contamination 
of sources classed as extended, as several of these sources have stellar colours and 
an examination of the HDF-South image that covers some of the EIS-DEEP region 
confirms that some of these "extended" sources are in fact stellar. 
Given that the intention of the survey was that it should be used by the general 
astronomical community, it would be hoped that the published catalogues would 
be complete and relatively free of noise detections, particularly given that there 
are fewer than 3000 sources in the catalogues. However, after an initial inspection 
this was shown to not be the case, with numerous false detections in the I-band 
catalogue, particularly around the field edges where the noise levels are higher, 
as well as several bright sources missed. The multi-colour catalogues appear to be 
complete at the magnitude levels of interest, although the problem of false detections 
persists. As sources which are detected only in the I-band image satisfy the red 
galaxy selection criteria, it is clearly vital to ensure that the false detections are 
removed. Despite the use of a faint magnitude limit of I = 23.5 for the red galaxy 
subset that is a magnitude brighter than the completeness limit of the survey, a 
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significant number of false detections remain, necessitating a visual inspection of 
each source classed as a red galaxy. 
In total 39 non-stellar (based on having stellarity indices less than 0.85) sources 
in the 27.03 arcmin 2 
 field are classed as red galaxies, of which 37 are in both the 
single I-band and multi-colour optical catalogues, one is in the multi-colour optical 
catalogues only, and one is in the single I-band catalogue only. For the source found 
only in the multi-colour optical catalogue the 'total  magnitude is taken to be the 'aper 
magnitude, as this is the only value available. Given that the source is significantly 
brighter than the I = 23.5 faint magnitude limit, this should not affect the results 
in any way. There are no real sources that could have met the criterion based 
on their 'ape, magnitude, but not their 'total  magnitude. Each source was visually 
verified, and there is no reason to believe that this subcatalogue is either incomplete 
or contains false detections. There is a possible effect of an offset between the 
photometric systems in terms of the V - I colour, as five more sources would meet 
the criterion if the V — I colour is shifted bluewards by 0.05 magnitudes, the stated 
level of accuracy of the EIS I-band photometric calibration, although no sources 
fail the I = 23.5 magnitude limit by less than 0.05 magnitudes. Of the 39 high-
redshift galaxies in the optical image, 14 are also found in the near-infrared images 
and the multi-colour optical- near-infrared catalogues, providing full UBVRIJHK S  
photometry, and four are covered by the WFPC2 HST images. 
The full photometric and astrometric data for each of the sources in the multi-
colour catalogue is given in Table 4.1. The first column gives the identification 
number for the source in the optical multi-colour catalogue, followed by the cor-
responding number in the optical- near-infrared multi-colour catalogue if included. 
The starred source (ID #1295) is the one which is not found in the single I-band 
catalogue, and hence has no value for 'tota(  The next two columns give the right 
ascension and declination (J2000) of the source as determined from the reference 
image. The next eight columns give the magnitude and error of the source in each 
of the eight passbands (UBVRJJHK S ) as determined using the single reference 
aperture, from which the galaxy colours can be determined. Those sources not de-
tected through a particular filter are given corresponding apparent magnitudes of 
99.99 ± 9.99. The next two columns give the V - I colour and 'total  magnitude of 
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Table 4.1: Multi-colour optical- near-infrared catalogue of sources in the BIS-DEEP HDF-South 
field classified as belonging to the high-redshift slice. 
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the source from which the source selection was made. The final column gives the 
stellarity of the source as determined from the I-band image. 
To estimate the photometric redshifts of each of the sources from its UBVRI 
(and if possible JHKS ) photometry, the HYPERZ code of Boizonella et al. (2000) has 
been used (discussed in more detail in the next chapter). This uses the Bruzual & 
Chariot evolutionary code (GISSEL98; Bruzual & Charlot, 1993) to build synthetic 
template galaxies. It has stellar populations with eight star-formation histories, 
roughly matching the observed properties from E to Im type: an instantaneous 
burst; six exponentially decaying SFRS with time-scales r from 1 to 30 Gyr; and 
a constant star-formation rate. The models assume solar metallicity and a Miller 
& Scab (1979) IMF, with internal reddening considered through the Calzetti et at. 
(2000) model with Av allowed to vary between 0 and 1 mag. The 1-IYPERZ software 
then produces a photometric redshift probability distribution through a chi-squared 
minimisation process, allowing for all possible galaxy ages, star-formation histories 
and Avs. Hence instead of a single best-fitting redshift for a galaxy, a range of 
compatible redshifts is produced. 
Table 4.2 shows the resultant photometric redshift estimates determined by the 
HYPERZ code for each of the sources classed as red galaxies. The table is split into 
two, with those sources covered by the optical observations only in the top section, 
and those sources covered by both the optical and the near-infrared observations 
in the lower section. The first column gives the entry number of each source in 
the multi-colour optical catalogue, followed by the entry number in the multi-colour 
optical- near-infrared catalogue for those sources in both. The Zbest column indicates 
the most probable redshift based on the photometry of the source, i.e. the one that 
gives the best fit. The Zmean is the mean redshift estimate produced by weighting 
by the redshift probability distribution. P(Zo.) is the probability of the redshift 
estimate associated with the chi-squared value of the fit at ZbCst. The next column 
gives the stellarity of the source as determined from the I-band image. For the 
four sources covered by the HST WPFC2 images a simple visual inspection allows 
the classification of the sources as point sources or galaxies, and the next column 
indicates this classification as a (S)tar or (G)alaxy. The value in the spectral class 
column indicates the star-formation history of the best fitting template galaxy, with 
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Table 4.2: Photometric redshift estimates of sources in the EIS-DEEP HDF-South field classified 
as belonging to the high-redshift slice. 
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a value of 1 indicating an instantaneous burst model or simple stellar population, 
values of 2-7 indicating exponent i ally-decaying star-formation rates with charac-
teristic time-delays, r, of 1, 2, 3, 5, 15 and 30Gyr respectively, and a value of 8 
indicating a template with a constant star-formation rate. The next two columns 
indicate the age and level of internal reddening (Av) of the best-fitting galaxy tem-
plate. The nest six columns give the 99% (3 c), 90% (2 c)and 68% (1 a) confidence 
levels for the redshift estimate, and the final column gives the absolute magnitude, 
Mv of the best-fitting template galaxy. 
It is immediately apparent that these sources, classified as belonging to the high-
redshift slice from their red V—I colour and 
'total < 23.5 magnitude alone, are indeed 
high-redshift early-type galaxies as suggested. Even at the 99% confidence level, all 
of them are constrained to redshifts above z = 0.34, and indeed most are constrained 
at this level as being at z > 0.5. The typical redshift range of these galaxies appears 
to be 0.7 < z S 1.5, just the redshift range that the selection is aimed at probing. 
Secondly, the best-fitting templates are almost all the simple stellar populations that 
would be expected of early-type galaxies that formed in a monolithic collapse, with 
the remaining four sources being best fit by an exponentially-decaying star-formation 
rate with a characteristic time-delay of 1 Cyr. None of the sources are best fit by 
the models with higher characteristic time-delays or constant star-formation rates 
that are used to describe late-type galaxies. 
It is also clear that not all of these sources are galaxies, despite the star-galaxy 
separation applied using the stellarity classifier. A number of stars remain in the 
catalogue, presumably all red dwarfs given their red colour and faint magnitudes. 
Indeed of the four sources in the WFPC2 field, two are clearly point-sources, and a 
comparison of the stellarity values of the two stars and the two red galaxies in the 
field indicates that the stellarity value is not a good distinguisher between the two. 
Indeed, source #2717 which in the WFPC2 image is clearly a galaxy, has a higher 
stellarity index than source #2399 which when observed with the much greater 
resolution of the HST is certainly a star. Although the stellarity index may not be a 
good separator of stars and galaxies in this subset, the photometric redshift estimator 
does provide a means of classifying them on the basis that stars and galaxies form 
separate colour loci, and so given sufficient colour information, stars should stand 
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out by not being fit by any galaxy template at any redshift. Indeed the two stars in 
the WFPC2 field both have zero probabilities of being fit by any template model. 
However a low peak probability of fit does not imply that a source is not a galaxy, 
as the models are limited in their nature, and for example a galaxy undergoing a 
secondary burst of star-formation with large amounts of dust extinction is unlikely to 
be fit by any of the simple star-formation history models, and neither would a galaxy 
with an AGN. Source #2423 is evidently a galaxy from the WFPC2 image, but has 
a best-fitting probability of only 17.98%, although it does not lie near the model 
predictions for stellar sources, having a J - K colour of 1.52, 0.5 magnitudes redder 
than that predicted for any star. By comparing the colours of those sources not well 
fit by the photometric redshift software with the predictions for stellar sources, the 
separation of stars and unusually coloured galaxies should be possible at least for 
those sources with near-infrared data where stars are much bluer than high-redshift 
galaxies. By doing this three further sources can be confidently categorised as stars 
from their near-infrared colours, sources #1496, #1532, and #2744. These have the 
lowest fitting probabilities outside the WFPC2 region, and all have relatively blue 
near-infrared colours (I - K r 
 0.7, I - K ' 2-3) in comparison to those expected 
of high-redshift galaxies (J - K rs  1.8, I - K 3.5). For those poorly-fit sources 
with only optical data, it is not possible to conclude definitively whether they are 
stars or galaxies from their colours, and so they are left in the catalogue. 
In total 34 sources remain classified as red galaxies in the 27.03 arcmin 2 ETS-
DEEP field, giving a number density of 1.258 galaxies per arcmin 2. In comparison, 
over the 1417.98 arcmin 2 field covered by both V and I BTC imaging, 3017 red 
galaxies are observed, producing a galaxy number density of 2.128 galaxies per 
arcmin 2 , almost twice that observed in the ElS-DEEP field, or an excess of 1200 red 
galaxies in the BTC field. 
It has to be remembered that the EIS-DEEP field is much smaller than the BTC 
field, and given that many of these galaxies are expected to be massive ellipticals 
and hence the most clustered and biased tracers of mass, cosmic variance is likely 
to reduce the significance of this result greatly. To estimate the effect of cosmic 
variance, subregions of the BTC field with the same dimensions as the ElS-DEEP 
field (5.3 x 5.1 arcmin 2 ) are selected at random and the number of red galaxies in 
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each subregion counted. By considering a large number of subregions and examining 
the statistical likelihood of finding 34 or fewer red galaxies in a field of the same 
size as the EIS-DEEP field, the significance of the observed excess can be estimated. 
After examining 100 000 randomly-positioned subregions (of course with a great deal 
of mutual overlap) 58.86 ± 12.58 red galaxies would be expected in a region with 
the same dimensions as the ETS-DEEP field, resulting in an excess significant at 
the 1.976c level. The distribution of counts in each of the random fields is not 
normally distributed, as clusters within the BTC field will produce abnormally high 
counts for those regions containing them, skewing the distribution and increasing 
the variance. Instead by considering the fraction of regions containing 34 or fewer 
red galaxies, the probability that the red galaxy densities in EIS-DEEP and BTC 
fields are drawn from the same distribution can be estimated. Out of the 100 000 
randomly-positioned EIS-DEEP field-sized subregions, only 1591 contain 34 or fewer 
red galaxies, meaning that the observed excess in the BTC field is significant at the 
98.4% level. 
Another possible cause for the observed excess of red galaxies in the BTC im-
age could be a relative offset of the photometric systems between the BTC and 
EIS-DEEP data. There is certainly no evidence for a problem in the photometric 
calibration in either set of data, as both sets of galaxy counts are consistent with 
the other major surveys. One possible cause for a discrepancy is the different filter 
sets used, the BTC data using the standard V, I Bessell filters, and the EIS-DEEP 
data using the SUSI Bessell V, I filters (ESO #812 and #814). In fact, the peak 
wavelengths of the BTC V and I filters are 5% closer than for the SUSI V and I 
filters, which could result in sources which are intrinsically red appearing redder in 
the EIS-DEEP V, I images, and so should counteract the observed effect. Another 
possible discrepancy could be the different sized apertures used: whereas the sources' 
colours are determined through a fixed 2.5 arcsec diameter aperture in the BTC im-
ages, in the EIS-DEEP images they are determined through apertures whose sizes 
and shapes vary between sources. Given though that the apertures are constant for 
each source, this should not affect the colour, and the observed small scatter of the 
cluster red sequence of Figure 3.18 indicates that the colour determination in the 
BTC images is internally consistent. 
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However it is unlikely that any photometric offset will be greater than 0.1 magni-
tudes, and so to examine the effect of such an offset on the number of high-redshift 
galaxies, the colour boundary is shifted redder by 0.1 magnitudes, and the faint mag-
nitude limit is brightened to I = 23.4, and the number of sources in the BTC images 
recounted. After this tightening of the selection criteria by 0.1 magnitudes, 2517 
red galaxies remain, or 1.775 galaxies per arcmin 2 , reducing the expected number of 
galaxies in a field of the same size as the ETS-DEEP field to 47.98: By considering 
the effect of both cosmic variance, and a photometric offset of 0.1 magnitudes, the 
significance of the observed excess is reduced from 1.976c to 1.621 c. 
Other possible contributory causes of the observed excess could be a contaminant 
population of stars or noise events in the BTC data. As discussed earlier, some 
contamination by stellar sources is likely, but due to the relatively high efficiency 
of the star-galaxy classifier at these magnitude levels, this contamination should be 
of the order 100-250 sources, and certainly much smaller than the total observed 
excess. In fact, despite comparable FWHMs for the point-spread functions of the 
BTC and EIS-DEEP images, the differentiation of stars and galaxies in the BTC 
images is much easier than in the EIS-DEEP images, as the point-spread function is 
circular and has a consistent radial profile across the whole BTC field, presumably 
due to the accuracy of the distortion model and of the registration process. This 
is surprising given the much wider field of the BTC camera in comparison with the 
SUSI2 camera, and the scale of the initial distortions for the BTC images. There 
is also evidence for further stellar contamination in the EIS-DEEP images in the 
region not covered by the near-infrared imaging. As discussed earlier, five sources 
in the region covered by the near-infrared imaging could be confidently classed as 
stars on the basis of their UBVRIJJTIK 5 photometry or their morphology in the 
WFPC2 imaging, whereas it was not possible to classify sources as stars confidently 
in the remainder of the EIS-DEEP field. However, several of the sources classed as 
red galaxies in the region not covered by near-infrared imaging do have very low 
probabilities of any photometric redshift, indicating that there are probably 2-5 
stars remaining in the catalogue. 
The possible effect of noise events is substantial given that both catalogues had 
contamination levels of around 30%, and necessitated the visual inspection of each 
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source in order to remove those sources which were clearly noise events. However 
given that the faint magnitude limit of I = 23.5 is a magnitude or more above the 
detection threshold in both images, it is relatively easy to discern between real and 
noise events for the vast majority of sources, and as discussed earlier, the uncertainty 
in the total number of sources in each catalogue is of the order of 5%. 
There are two possible astrophysical explanations for the observed excess of high-
redshift galaxies in the BTC image with respect to the ETS-DEEP HDF-South field. 
Either the BTC image contains more high-redshift galaxies than average, or the 
ETS-DEEP field is deficient in galaxies which belong to the high-redshift slice, or a 
combination of the two. Of course, it is impossible to say whether the EIS-DEEP 
field has such an unusual deficiency. It is only a comparatively small field, and as 
these galaxies are more highly clustered that normal galaxies, such a chance event 
is always possible. Only comparison with other deep surveys will confirm this. 
The potentially much more interesting explanation is that the BTC field contains 
of the order of 1000 more early-type galaxies in the redshift range 0.7 z 1.5 than 
normal. Clearly, given that this redshift range includes that of the three quasars 
from the Clowes-Campusano Large Quasar Group in the BTC field, at 1.2 1< z C 1.3, 
this excess of optically-red galaxies could be the result of a large-scale structure 
associated with the quasar group. 
Assuming that the observed excess of red galaxies is real, then their spatial 
distribution should provide some clues as to their nature. Firstly, if these sources 
are the high-redshift early-type galaxies predicted they should be significantly more 
clustered than normal galaxies selected by i-band magnitude only, because as these 
are the most massive galaxies, they should be associated with the most massive 
dark matter halos, which in turn are most likely to have formed around the rarest 
overdensities in the early universe. Secondly, if this excess is due to a large-scale 
structure associated with the quasar group, a spatial correlation between the galaxies 
and the individual quasars should be observed. 
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4.4 Clustering of the Red Galaxies 
The most frequently used (and misused) statistical tool for measuring the extent of 
galaxy clustering is the angular two-point correlation function, w(0). This is defined 
as the excess probability over a Poisson distribution of finding galaxies separated by 
the angular distance 0. 
Numerous methods exist for estimating w(0) from a set of object positions, but 
the estimator that suffers least from biases on large scales and has the lowest levels 
of variance is the Landy & Szalay (1993) estimator 
DD-2DR+RR 	 (4.4) 
where DD, DR and RR are the number of galaxy-galaxy, galaxy-random and random-
random object pairs at angular separations 0 + 50. Each of these counts has to be 
first normalised by dividing by the total number of pairs in each of the three samples, 
respectively NQ (N9 - 1), N9 Nr, and Nr(Nr - 1). The variance of this estimator 
can be considered to be the normal Poisson counting errors 
N99 Var(t2(0)) = 	 (0)  (4.5) 
Nrr(0) 2 
For the purpose of estimating w(0), 100 random catalogues are created, each 
containing the same number of objects as the compared galaxy catalogue, and given 
the same spatial geometry. Contamination by effects such as the large halos around 
bright stars and the low levels of signal to noise around the image edges would result 
in biases in the estimate of w(0), and so these regions are removed from both the 
galaxy and random catalogues. 
The estimator t2(0) satisfies the integral constraint 
I fc2(0)51Z 1 5Q 2 	 0 	 (4.6) 
(Croth & Peebles, 1977), resulting in an underestimate of the angular correlation 
function. To remove this bias from the correlation function, the term 
= 	 fJw(0)6Q i 5c 2 	 (4.7) 
is added to the estimate of the correlation function. This term, requires an assump- 
tion of the form of the correlation function to estimate correctly the value of the 
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correlation function. However, previous studies have shown that the angular cor-
relation function is well approximated by a power law of the form w(0) = 
for the angular scales examined here (e.g. Maddox et al., 1996). From the results 
of numerous large surveys (e.g. Croth & Peebles, 1977; Efstathiou et al., 1991) the 
index of the power-law is found to be S 0.8. Assuming such a power law for the 
form of the angular correlation function, the level of bias can be estimated using the 
random-random sample 
- w(0)ç - Nrr(0)08 (4.8) 
- 	 - >Nrr(0) 
The amplitude and power index of the real two-point correlation function w(0) 
can the be estimated by fitting to the measured cZ'(0) the function 
( 0) = 	 - C).  
The angular two-point correlation functions have been determined for the red 
galaxy subset and also for comparison the subset containing all galaxies brighter 
than I = 23.5 using the Landy & Szalay (1993) estimator. To minimise biasing due 
to areas of low signal-to-noise levels, the edges of the BTC field have been discarded 
along with regions affected by the halos of bright stars, resulting in a total area 
considered of 1354.55 arcmin 2 . In this area there are 24483 galaxies brighter than 
I = 23.5 of which 2978 are also classified, as red galaxies. By assuming a power-
law correlation function, w(0) oc 0-0.8 
 the integral constraint term C is found to be 
0.00472 for the I < 23.5 galaxies. For the red galaxies however, w(0) cannot be well 
fitted by a power-law of index -0.8, requiring a somewhat steeper index. By instead 
assuming a power-law index of -1.0, the integral constraint term C is found to be 
0.001335 for the red galaxy subset. 
Figure 4.3 shows the angular two-point correlation functions for the red galaxy 
subset (shown as filled red squares), and for comparison the set of all galaxies 
brighter than I = 23.5 (shown as filled green circles). The significant difference 
of clustering strength, A, and the power-law index, 5, between the two samples is 
immediately apparent, with the clustering of the red galaxies greater than that of 
I < 23.5 galaxies for all separations, the difference becoming an order of magnitude 
at small separations (
1< 10 arcsec). The best fitting power-law to the red galaxy 
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Figure 4.3: The angular two-point correlation functions for all I < 23.5 galaxies (green filled 
circles) and the red galaxy subset (red filled squares). The errors shown assume Poisson count 
errors. The best fitting power-laws to each of the correlation functions are shown as magenta (for 
the red galaxy subset) and blue (for all I < 23.5 galaxies) lines. The red galaxy subsample shows 
stronger clustering and a higher value of S consistent with the strong clustering of elliptical and 
early-type galaxies at high-redshifts. 
angular two-point correlation function has A"(l") = 6.23 + 0.71 and a power-law 
index of -1.045. In contrast the best fitting power-law for the I < 23.5 galaxy sample 
has a much smaller clustering strength of AL<235(1") = 0.356 ± 0.03 and a shallower 
power-law index of -0.736. 
There is no evidence for the level of clustering in the I < 23.5 control sample 
being abnormally low. Both the clustering strength and the power-law index are 
comparable to results from other I-band magnitude limited surveys. To compare 
this result with published data, w(0) is redetermined for a fixed power index of -0.8, 
giving a clustering strength of A(1") of 0.61 * 0.07. Woods & Fahlman (1997) 
in comparison obtain A(1") = 0.627 ± 0.116 for 19 < I < 23.5 galaxies in three 
49 arcmin 2 
 fields. Figure 3 of McCracken et al. (2000) plots the logarithm of the 
amplitude of the angular correlation function w(9) at one degree as a function of 
Nfl 
a 
0.01 
0.001 
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sample median I-band magnitude. The median I magnitude of the I < 23.5 sample 
is 22.51, and its clustering strength is log A,(1°) = —3.06±0.11, placing it centrally 
among the results at comparable median I magnitudes (Lidman & Peterson, 1996; 
Postman et al., 1998; McCracken et al., 2000). 
The observation that red galaxies are more strongly clustered than galaxies se-
lected on magnitude only has been made in previous studies (Brown et al., 2000; 
Daddi et al., 2000). 
In an attempt to examine the relative clustering strengths of early- and late-type 
galaxies at low redshifts (z 0.4) Brown et al. (2000) created two subsets, a red and 
blue subsample, from a catalogue of bright B1 <21.5 galaxies from two 5° x 5° fields, 
using both U - Bj and B - R F colours to separate the two subsets. The two-point 
angular correlation functions of the red and blue subsamples, taken to contain mostly 
early- and late-type galaxies respectively, were estimated and compared. The red 
subsample (early-type galaxies) was observed to be significantly more clustered at 
separations less than one degree than the blue subsample (late-types), the difference 
reaching a factor of - 5 at separations of 1 arcmin. 
In contrast to the low redshifts probed by the previous study, Daddi et al. 
(2000) examined the clustering properties of Extremely Red Objects (EROs) se-
lected to have R - K 3 > 5. The red colours of EROs are consistent with being 
either old, passively-evolving early-type galaxies at z >1  1, or strongly dust-reddened 
star-forming galaxies also at high redshifts, and observations have shown that both 
classes of galaxies are present among the ERO population. If the dominant ERO 
population were star-forming galaxies, then it would be expected that EROs would 
be weakly clustered as firstly, IRAS-selected star-forming galaxies have very low 
intrinsic clustering (Fisher et al., 1994) and secondly, the red colours are dependent 
much more on the amount of dust extinction rather than the redshift, resulting in a 
wide redshift distribution which should dilute the observed clustering strength. In 
contrast if the ERO population is dominated by early-type galaxies at z Z  1, then 
a strong clustering signal should be observed, as they should be found in the most 
massive dark matter halos which should be highly clustered as they due to being 
formed at only the rarest density peaks (Kauffmann et al., 1999). 
Daddi et al. (2000) obtained 1?, K. imaging over a 700 arcmin 2 region, reach- 
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ing K. 	 19 and I? 	 26, detecting 400 EROs with 11 - K 3 > 5. The clustering 
of the ERO subsample was compared with the K 3-selected sample in the same 
magnitude range, and the EROs were found to be of an order of magnitude more 
strongly clustered, with A ° ) = 0.022 ± 0.003 for the K. < 18.5 ERO subsam-
ple, and A(1°) = 0.0016 ± 0.0003 for the comparable K,-selected sample, both 
assuming S = 0.8. This observed strong clustering of EROs is direct evidence that 
a large fraction of these sources are high-redshift early-type galaxies. It explained 
the conflicting results of previous studies in determining the density of high-redshift 
ellipticals in terms of strong field-to-field variations. 
The wavelength and redshift range covered by this study of red galaxies is in-
termediate between the two previous studies, this study having A mea 700 nm and 
0.6Cz1.5, in comparison to A me d r-' 450nm and z0.4 for the study of Brown 
et al. (2000), and Amed r.s  1400 nm and z >1  1 in the case of Daddi et al. (2000). 
The observed increases in clustering strengths of the red galaxies to the magnitude-
selected galaxies are comparable, with the effect becoming greater at higher redshifts, 
presumably due to the dark matter halos sufficiently large to contain an early-type 
galaxy becoming increasingly rare at earlier epochs. 
This observation that the red galaxies in the BTC field are more clustered than 
magnitude-selected galaxies in conjunction with the results of the photometric red-
shift study of red galaxies in the EIS-DEEP field serves to support that a large 
fraction of the red galaxies are indeed early-type galaxies at 0.6 1< z <1  1.5. 
4.5 Spatial Distribution of the Red Galaxies 
The previous section demonstrated that the red galaxies are early-type galaxies 
at 0.6 1< z <1 1.5. As a result any galaxy clustering associated with the Clowes-
Campusano Large Quasar Group should be evident among this subsample. The 
observed excess of red galaxies in the BTC images hints at the possibility of a 
large-scale structure associated with the quasar group, but to probe this possibility 
further, the spatial distribution of red galaxies needs to be determined, allowing the 
relationship between the red galaxies and the group's quasars to be examined. 
As in the previous chapter, to estimate the surface density of red galaxies, the 
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Figure 4.4: The spatial distribution of red galaxies in the BTC images. The galaxy surface 
density is estimated using the adaptive kernel estimator with a = 0.75 h'Mpc. The low-density 
regions are indicated by black and blue colonrs, whilst the high-density regions are indicated by 
red and white colours. The positions of the high-redshift cluster candidates of Table 4.3 are 
indicated in black by their ID number. Each of the known quasars in the field are indicated by 
black/white circles labelled by the quasar redshift. The region shown corresponds to a proper size 
of 33.0 x 28.4 IC 1 Mpc at z = 1.3. 
adaptive kernel estimator is applied. At the redshifts of interest any galaxy clustering 
is likely to be rather more amorphous and diffuse than compact and virialised, and 
so to detect these structures more efficiently, along with signs of any large-scale 
structure, a greater level of smoothing should be applied than previously. The 
geometric mean kernel width, a, is set to an angular distance of 0.75 h'Mpc (for 
an Qm = 0.3, QA = 0.7 universe), instead of the 0.35 h'Mpc value used for the 
low-redshift slices. 
Figure 4.4 shows the spatial distribution of red galaxies in the BTC image as 
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determined by the adaptive kernel estimator with a = 0.75h'Mpc. The known 
quasars in the field are indicated by circles labelled by the quasar redshift. The 
region shown has an apparent angular size 40.85 x 35.12 arcmin 2 which corresponds 
to a proper angular size of 33.0 x 28.4 h'Mpc at z = 1.3. Black/blue colours 
indicate low-density regions with less than 2 red galaxies per square arcmin, whilst 
red and white colours indicate high-density regions with more than 5 red galaxies 
per square arcmin. The positions of the high-redshift cluster candidates of Table 4.3 
are indicated in black by their ID number. 
The first thing that should be said about the red galaxy distribution is that on 
the very largest scales it is fairly homogeneous, that is to say that there are no 
apparent trends from one half of the field to the other, and no obvious structure 
due to the varying rms noise levels across the field. This is reassuring as it suggests 
that there are not significant numbers of sources in the subsample due to the larger 
photometric errors in the regions covered by fewer exposures, such as in the centre 
of the I-band image. 
The second feature apparent in the red galaxy distribution is the number of 
high-density regions, that are apparent over the whole BTC field, and are candidate 
high-redshift galaxy clusters. It is these structures that have produced the strong 
clustering shown in the red galaxy two-point correlation function of Figure 4.3. 
There is no evidence for a single supercluster or filamentary structure as the cause of 
the clustering signal; the individual clusters appear separate and evenly distributed 
across the field. The most likely large-scale structure is a wavy filamentary structure 
across the top of the field, but even this is rather unconvincing. 
There are also some notable low-density regions apparent in Figure 4.4. The low-
density regions around the edges of the BTC field are merely boundary effects due 
to the smoothing of the density field, and are not physical voids. There are however 
several regions, well away from the field boundaries, that are almost devoid of red 
galaxies. Some, such as that apparent at 10h147m503, 
 +05°45', are the result of the 
halos of bright stars, but most appear to be simply regions devoid of red galaxies, 
the most notable being the one located to the south of the z = 1.426 quasar. 
In total 77 maxima of the red galaxy surface density were found over the BTC 
field, of which 26 were found to have 6 or more red galaxies within 37.13 arcsec 
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RA Dec Pmax N(gals) red N(gals)j <23 . 5 
ID 
(J2000) (J2000) (/0") (a) (6) (a) (b) 
21 10:47:22.5 +05:23:51 20.41 21.33 18(16) 51(30) 48 (27) 285 (97) 
32 10:47:41.8 +05:29:15 9.05 10.61 12(10) 35 (14) 26 (5) 185 (-3) 
70 10:48:24.9 +05:44:50 9.13 10.50 14(12) 37 (16) 38 (17) 232 (44) 
20 10:46:28.3 +05:23:48 6.77 8.96 11(9) 29 (8) 30 (9) 163 (-5) 
60 10:46:56.9 +05:42:35 6.77 8.40 11(9) 46 (25) 27 (6) 190 (2) 
71 10:48:08.4 +05:46:30 9.99 7.79 10 (8) 46 (25) 32 (11) 230 (42) 
75 10:47:07.9 +05:47:47 5.32 7.19 12(10) 29 (8) 35 (14) 157 (-31) 
15 10:48:31.4 +05:23:06 8.26 6.56 13(11) 41(20) 33 (12) 264 (76) 
13 10:46:33.9 +05:21:21 6.55 6.51 10 (8) 37 (16) 34 (13) 231 (43) 
52 10:46:37.3 +05:40:09 5.85 6.44 6 (4) 38 (17) 29 (8) 233 (45) 
35 10:47:20.4 +05:30:42 6.53 6.13 9 (7) 30 (9) 40 (18) 207 (19) 
39 10:46:38.1 +05:33:20 5.54 5.83 9 (7) 35 (14) 35 (14) 221 (33) 
11 10:46:11.2 +05:21:24 6.45 5.45 12(10) 38 (17) 30 (8) 226 (38) 
73 10:46:57.5 +05:46:19 5.90 5.38 10 (8) 29 (8) 26 (5) 165 (-23) 
50 10:48:14.3 +05:37:49 4.87 5.03 7 (5) 29 (8) 30 (9) 230 (42) 
57 10:46:57.0 +05:39:15 5.46 4.68 11(9) 36 (14) 40 (19) 213 (25) 
53 10:47:01.8 +05:39:17 5.58 4.18 7 (5) 40 (19) 31(10) 218 (30) 
9 10:47:00.2 +05:20:14 5.61 4.01 9 (7) 36 (15) 27 (6) 194 (6) 
66 10:47:24.3 +05:44:28 5.31 4.00 9 (7) 36 (15) 22 	 (1) 191 	 (3) 
74 10:47:37.2 +05:46:24 6.45 3.58 9 (7) 35 (14) 32 (11) 220 (32) 
18 10:48:16.7 +05:22:10 4.47 3.34 6 (4) 28 (7) 33 (12) 242 (54) 
49 10:47:43.1 +05:37:47 4.65 3.28 8 (6) 31(10) 28 (7) 218 (30) 
64 10:47:07.4 +05:42:32 4.74 1.83 8 (6) 43 (22) 36 (15) 201 (13) 
67 10:46:21.5 +05:43:12 7.89 1.30 10 (8) 39 (18) 23 (2) 190 (2) 
3 10:48:04.0 +05:16:05 3.98 -0.01 9 (7) 26 (5) 37 (16) 202 (14) 
5 10:47:28.7 +05:17:04 5.25 -7.95 10 (8) 28 (7) 33 (12) 181 (-7) 
a 
 total (and excess) galaxies within 500 h'kpc (at z = 1.3) of the cluster centre 
total (and excess) galaxies within 1.5 h'Mpc (at z = 1.3) of the cluster centre 
Table 4.3: High-redshift cluster candidates in the BTC field. 
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(500 h'kpc at z = 1.3), corresponding to a 2a excess. The properties of the most 
significant high-redshift cluster candidates in the BTC field are shown in Table 4.3. 
The first column indicates the ID number given to the cluster candidate by the 
cluster finding algorithm, and is used to label each candidate in Figure 4.4. The next 
two columns give the Right Ascension and Declination of each density maximum, 
and the next column gives the red galaxy surface density at that point. 8, is the 
significance of the cluster as determined from the using the formulae described in 
the previous chapter with the background kernel width, a 0 = a = 750 h'kpc. 
The final columns give the number of red and I < 23.5 galaxies within 37.13 arcsec 
(500 h'kpc at z = 1.3) and 111.39 arcsec (1.5h'Mpc), with the excess given in 
parentheses. 
The background number of red and I < 23.5 galaxies for each column is taken to 
be the modal number of galaxies within 100 000 circular subfields of the correspond-
ing radius positioned at random within the BTC field. The red galaxy background 
counts were found to be 1.81±2.05 and 20.5± 7.4 for the 500 h'kpc and 1.5 hMpc 
circular regions, resulting in 3 a significance levels of 8 and 42 red galaxies respec-
tively. For the I < 23.5 galaxies, the background counts were found to be 20.5 ± 5.9 
and 188 ± 22 for 500 h'kpc and 1.5h'Mpc circular regions, with corresponding 
3 a significance levels of 38 and 254 galaxies. 
The most significant density maximum by some considerable margin is #21, in 
the bottom-centre of Figure 4.4, which has a maximal density more than twice that 
found anywhere else in the field, and has highly significant excesses (> 3a) of red 
and I < 23.5 galaxies within both 500 h'kpc and 1.5h'Mpc of the cluster centre. 
The next most significant cluster candidates appear to be the three density max-
ima (# 11 , 13 and 20) in the lower-left corner near to the z = 1.426 quasar, the 
extended clustering around the z = 1.226 quasar (comprising density maxima #53, 
57, 60, and 64), the two density maxima (#70  and 71) in the upper-right corner, 
and density maximum #15 in the lower-right corner. 
The fact that three out of the five most significant cluster candidates show 
signs of substructure, even though the galaxy surface density has been smoothed 
on 750 h'kpc scales, suggests that galaxy clustering at these high redshifts ismuch 
more amorphous, with clusters still being built up from the progressive coalescence 
156 
Figure 4.5: The spatial distribution of red galaxies in the BTC images. The galaxy surface density 
is estimated using the adaptive kernel estimator with a = 0.35 h 1 Mpc. The low-density regions 
are indicated by black and blue colours, whilst the high-density regions are indicated by red and 
white colours. Each of the known quasars in the field is indicated by a black/white circle labelled 
by the quasar redshift. The region shown corresponds to a proper size of 33.0 < 28.4 h'Mpc at 
= 1.3. 
of sub-clusters. This picture is confirmed if the surface density of red galaxies is 
re-estimated using kernels of mean width a = 0.35 h'Mpc, the same width as used 
for the low-redshift slices. The density map of red galaxies in the BTC field as 
redetermined using this narrower kernel is shown in Figure 4.5. Many of the sig-
nificant clusters which appeared as single density maxima in Figure 4.4 have been 
resolved into two or more components. The cluster candidate associated with the 
single density maximum #15 in Figure 4.4, appears now to be made up of three 
subclusters, as does density maximum #71. 
Three of the five most significant cluster candidates are also located nearby 
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quasars. The most significant cluster candidate #21 is 170 arcsec (2.3 h'Mpc at the 
quasar redshift) from the z = 1.306 LJQG quasar, although the quasar itself appears 
in a low-density region. The z = 1.226 quasar appears to be fairly centrally located 
within an extended region of galaxy clustering (comprising density maxima # 53 , 
57, 60 and 64), although it appears to lie between the density maxima, rather than 
associated with one particular peak. The z = 1.426 quasar appears to be associated 
with a region of galaxy clustering, lying on the edge of density maxima #13, although 
it should be remembered that this quasar is not considered to be a member of the 
quasar group. This certainly suggests that some of the galaxy clustering is directly 
associated with the quasars, and would appear to confirm the hypothesis that the 
excess of red galaxies is due to a large-scale structure associated with the LQG. In 
contrast, none of the higher redshift quasars (z = 1.738, z = 1.968 and z = 2.682) 
appears to be associated with any galaxy clustering. This is more likely to be due 
to the fact that the criteria used to select red galaxies is not efficient at identifying 
galaxies at such high redshifts, rather than their having poor environments. 
The galaxy environments of each of the quasars will be examined in detail in 
later sections and the next two chapters, but first the properties of the two other 
significant cluster candidates will be examined, firstly the clustering associated with 
the density maxima #70 and 71, and secondly the clustering associated with density 
maximum #21. 
4.6 Galaxy Clustering Around Density Maxima 
#70 and #71 
The two density maxima #70 and 71 of Table 4.3 are among the most significant 
cluster candidates across the BTC field, and as they are separated by just 4.4 arcmin 
(3.56 h'Mpc at z = 1.3) it appears likely that they are physically related. Both 
maxima are manifested by large excesses of both red and I < 23.5 galaxies within 
1.5h'Mpc, confirming that they are likely to be real high-redshift clusters. Indeed 
the combined excesses are 41 red and 86 I < 23.5 galaxies within 1.5h'Mpc of 
either maxima. 
Figure 4.6 shows a 6.6 x 4.6arcmin 2 (corresponding to 5.3 x 3.7hMpc at 
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Figure 4.6: I-band image ofa 6.6 x 4.6arcmin2 (5.3 x 3.7h'Mpc at z = 1.3) region around the 
high-redshift cluster candidates #70 and 71. Red galaxies detected in both V and I images are 
indicated by yellow circles whose radii indicate the 
'total  magnitude. Red galaxies detected in the 
I image only are indicated by red squares. The inset shows an expanded view of the dense group 
of galaxies at the core of cluster candidate #71. 
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Figure 4.7: False colour image of the region around the high-redshift cluster candidates #70 
(top-right) and #71 (bottom-centre), overlaid with contours showing the surface density of red 
galaxies. The galaxy density is estimated using the adaptive kernel estimator with or = 350 h 'kpc 
at z = 1.3. The contours increase logarithmically with separation I2, with the yellow contour set 
to 2 red galaxies per arcmin 2 . 
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= 1.3) I-band image of the region around the density maxima #70  and 71 in 
the red galaxy surface density. Red galaxies detected in both V and I images are 
indicated by yellow circles whose radii indicate the 'total  magnitude. Red galaxies 
detected in the I image only are indicated by red squares. 
Figure 4.7 shows the false colour image of the same region. It is overlaid with 
contours showing the surface density of red galaxies as estimated using the adaptive 
kernel estimator with c = 350 h'kpc and taken from the corresponding region 
of Figure 4.5. The contours increase logarithmically with separation 17, with the 
yellow contour set to 2 galaxies per square arcmin, which is approximately the mean 
density acrossthe whole BTC field. 
Density maximum #70 can be seen as the single, compact peak in the top-right 
corner, whilst density maximum #71 can be seen as the triple-peaked structure in 
the lower-centre of the figure. 
It is clear from the figures that the clusters are unfortunately close to one of the 
brightest stars in the BTC field, GSCO0260-00481 with MB = 11.2, my = 10.0. Its 
extensive halo in the I image meant that no source within 55 arcsec of it could be 
considered as a red galaxy, resulting in the low-density region centred on the star in 
Figure 4.7. 
Both density maxima appear centred on compact groups of 
	 6 red galaxies 
within a region 10arcsec across. Indeed the group of red galaxies which produces 
the most significant of the maxima of the triple-peaked structures are barely resolved 
by the I image (Figure 4.6-inset), being separated by 2-3arcsec (11-17h'kpc 
at z = 1.3). Each of the group members have I ". 21-22, making them L* 
 galaxies 
for the redshift range probed. Given their relative proximity, and their early epoch, 
it seems likely that they will have merged in the intervening time between then and 
now, forming a single very massive and luminous galaxy, perhaps comparable to the 
cD galaxies observed at the present epoch. These galaxies are commonly found at 
the centres of rich clusters, and are thought to have been built into some of the 
most luminous and massive galaxies in the universe from the multiple merging and 
cannibalism of galaxies. 
Beyond the two dense central cores, the remainder of the red galaxies appear 
to form a diffuse, extended distribution between the two clusters which suggests 
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Figure 4.8: Colour-magnitude diagram of galaxies in the region covered by Figures 4.6 and 4.7. 
Galaxies within 500 h'kpc (at z = 1.3) of the density peak #70 are indicated by crosses, whilst 
galaxies within 500 !r 1 kpc of the density maximum #71 are indicated by squares. Thered galaxy 
colour-magnitude selection criterion is indicated by the near-horizontal line. 
that the two clusters are physically related to one another. This appears to be 
confirmed by Figure 4.8 - the colour-magnitude diagram of all galaxies in the region 
covered by Figures 4.6 and 4.7. Galaxies within the central 500 h' kpc of the clusters 
marked by density maxima #70 and 71 are indicated by crosses and square-symbols 
respectively. There are no apparent differences between the colour distributions of 
the red galaxies associated with the two density maxima, and indeed when viewed 
as a single set, there is a suggestion of a red sequence at 2.6 < V - I < 2.8. 
4.7 The Galaxy Environment of the z = 1.426 
Background Quasar 
Although the z = 1.426 quasar may not be classed as a member of the Clowes- 
Campusano LQG, it is within the redshift range probed by the red galaxy selection 
criteria, and so any associated clustering should be detectable as an overdensity of 
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Figure 4.9: 1-band image of an 8.6 x 5.8arcmin 2 (7.4 x 5.0Ir'Mpc at z = 1.426) region around 
the high-redshift cluster candidates #11, 13, and 20 in the vicinity of the z = 1.426 quasar. Red 
galaxies detected in both V and 1 images are indicated by yellow circles whose radii indicate the 
'total magnitude. Red galaxies detected in the I image only are indicated by red squares. 
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Figure 4.10: False colour image of the region around the high-redshift cluster candidates #11 
(bottom-centre), #13 (top-right), and #20 (centre-left) in the vicinity of the z = 1.426 quasar. It 
is overlaid with contours showing the surface density of red galaxies, which is estimated using the 
adaptive kernel estimator with u = 350 iC'kpc at z = 1.3. The contours increase logarithmically 
with separation with the yellow contour set to 2 red galaxies per arcmin 2 . 
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red galaxies in the vicinity of the quasar. Figure 4.4 indicates that there may be 
associated galaxy clustering, with three of the significant red galaxy density maxima 
of Table 4.3 located near the quasar. 
Figure 4.9 shows a 8.6 x5.8arcmin 2 (corresponding to 7.4 x 5.0h'Mpc at 
z = 1.426) I-band image containing the z = 1.426 quasar and the three nearby 
density maxima, #11, 13, and 20, in the red galaxy surface density. Red galaxies 
detected in both V and I images are indicated by yellow circles whose radii indicate 
the 
'total magnitude. Red galaxies detected in the I image only are indicated by red 
squares. 
Figure 4.10 shows the false colour image of the same region. It is overlaid with 
contours showing the surface density of red galaxies as estimated using the adaptive 
kernel estimator with a = 350 h'kpc and taken from the corresponding region 
of Figure 4.5. The contours increase logarithmically with separation with the 
yellow contour set to 2 galaxies per square arcmin, which is approximately the mean 
density across the whole BTC field. 
An inspection of Figures 4.9 and 4.10 suggests that the quasar is associated with 
the red galaxy clustering marked by density maximum #13 of Table 4.3. Not only 
is the quasar just 79arcsec (corresponding to 1.13 h'Mpc at the quasar redshift) 
from the cluster centre, but the red galaxy clustering appears from Figure 4.10 to 
extend in the direction of the quasar. 
Just as in the previous section where there was clear substructure in the sur-
face density of red galaxies, the red galaxy spatial distribution in the field of the 
z = 1.426 quasar appears bimodal. Only 170 arcsec (2.4 h'Mpc at z = 1.426) to the 
north-west of density maximum #13, is a second significant cluster of red galaxies, 
identified by density maximum #20. There are also a number of red galaxies in 
between the two density maxima, suggesting that the two are physically related. In 
a second similarity between this galaxy clustering and that of the previous section, 
at the core of density maximum #13 is a very compact group of 4 red galaxies within 
a few arcsec of one another. 
The colour-magnitude diagram of galaxies in the z = 1.426 quasar field is shown 
in Figure 4.11 and lends further credence to the hypothesis that the clustering of 
red galaxies is associated with the quasar. Galaxies within 1 h'Mpc of the density 
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Figure 4.11: Colour-magnitude diagram of galaxies in the region covered by Figures 4.9 and 4.10. 
Galaxies within 1!r'Mpc (at z = 1.3) of the density peak #13 are indicated by crosses, whilst 
galaxies within 1 h 1 Mpc of the density maximum #20 are indicated by squares. The red galaxy 
colour-magnitude selection criterion is indicated by the near-horizontal line. 
peaks #13 and 20 are indicated by crosses and square symbols respectively, with the 
remaining galaxies in the 8.6 x 5.7arcmin 2 region covered by Figures 4.9 and 4.10 
indicated by single points. If the clustering of red galaxies is to be associated with 
the quasar, then the galaxies should be significantly redder than the z = 0.5 red 
sequence used as the red galaxy colour selection criterion. An inspection of Figure 4.1 
indicates that such galaxies should have V—I 3. This is observed for the z = 1.426 
quasar field, with in particular 13 galaxies within 1 h 1 Mpc of density maximum #13 
having V - I 3 along with 3 from cluster #20, and 15-20 from the remainder of 
the field, possibly combining to form a weak red sequence. 
The galaxy environment of the z = 1.426 quasar appears rich, with the combined 
excess of red and I < 23.5 galaxies within 1.5h'Mpc of either density maxima 
#13 or #20 being 24 and 38 respectively. Assuming that this clustering is indeed 
associated with the quasar, and hence at z = 1.426, then it means that any similar 
levels of clustering should be detected by this approach for the three LQG quasars 
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Figure 4.12: I-band image of a 7.0 x 4.5arcmin 2 (5.5 x 3.5 h'Mpc at z = 1.230) field containing 
the z = 1.230 LQG quasar. Red galaxies detected in both V and I images are indicated by yellow 
circles whose radii indicate the 'total  magnitude. Red galaxies detected in the I image only are 
indicated by red squares. 
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Figure 4.13: False colour image of the region around the z = 1.230 LQG quasar. It is overlaid 
with contours showing the surface density of red galaxies, which is estimated using the adaptive 
kernel estimator with a = 350 h'kpc at z = 1.3. The contours increase logarithmically with 
separation with the yellow contour set to 2 red galaxies per arcmin 2 . 
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at slightly lower redshifts. 
4.8 The Galaxy Environment of the z = 1.230 
LQG Quasar 
An inspection of Figure 4.4 finds little evidence for galaxy clustering associated 
with the z = 1.230 LQG quasar, with only a weak overdensity of red galaxies 
apparent 1-2 arcmin to the north. This appears confirmed by the higher resolution 
of Figure 4.5 which suggests that the overdensity is due to a poor, compact group 
of galaxies. 
Figure 4.12 shows a 7.0 x 4.5arcmin 2 (corresponding to 5.5 x 3.5h 1 Mpc at 
z = 1.230) I-band image containing the z = 1.230 LQG quasar, with the red square-
and yellow circular-symbols indicating the positions of red galaxies as in Figures 4.6 
and 4.9. 
Figure 4.13 shows the false colour image of the same region, with the surface 
density of red galaxies indicated by contours as in Figures 4.7 and 4.10. 
It is apparent from the two figures that the weak overdensity apparent in Fig-
ures 4.4 and 4.5 is due to a compact group of just five faint red galaxies located 
1 arcmin to the north of the quasar. There is no evidence that the quasar lies in 
anything but an unremarkable field region, with no sign of even a single L class 
galaxy associated with the quasar (not including the host galaxy). The nearest clus-
tering of red galaxies is the amorphous, extended clustering apparent 4-5 arcmin 
(3-4 h'Mpc at z = 1.230) to the east of the quasar in Figures 4.12 and 4.13. 
4.9 The Galaxy Environment of the z = 1.306 
LQG Quasar 
Figures 4.4 and 4.5 suggest the possibility of a rich galaxy cluster associated with the 
z = 1.306 LQG quasar, with the most significant density maximum #21 located just 
165 arcsec to the west of the quasar. However at the quasar redshift this corresponds 
to a distance of 2.24 h'Mpc, and the quasar itself appears to lie in a low-density 
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Figure4.14: I-band imageofthe 7.2x5.1arcmin 2 (5.8x4.1Ir'Mpc at z = 1.306) region around 
the z = 1.306 LQG quasar and the high-redshift cluster candidate #21. Red galaxies detected in 
both V and I images are indicated by yellow circles whose radii indicate the 'total  magnitude. Red 
galaxies detected in the I image only are indicated by red squares. 
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Figure 4.15: False colour image of the region around the z = 1.306 LQG quasar and the high-
redshift cluster candidate #21. Overlaid is a contour map showing the surface density of red 
galaxies, which is estimated using the adaptive kernel estimator with a = 350 h'kpc at z = 1.3. 
The contours increase logarithmically with separation with the yellow contour set to 2 red 
galaxies per arcmin 2 . 
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region, and so even if the galaxy clustering is at the quasar redshift, the quasar and 
the galaxy clustering may not be directly related. 
Figure 4.14 shows shows a 7.2 x 5.1 arcmin2 (corresponding to 5.8 x 4.1 h 1 Mpc 
at z = 1.306) I-band image containing both the z = 1.306 quasar and the galaxy 
clustering associated with density maximum #21, with the red square- and yellow 
circular-symbols indicating the positions of red galaxies as before. 
Figure 4.15 shows the false colour image of the same region, with the surface 
density of red galaxies indicated by contours as in Figure 4.7. 
It is apparent that the density maximum #21 is caused by a compact, dense 
cluster of 10-15 red galaxies within 30arcsec, with a comparable number of bluer 
galaxies interspersed. It is perhaps the most striking region of the whole BTC image, 
with a central galaxy density significantly higher than anywhere else in the field. 
For this reason, and also due to its proximity to the LQG quasar, follow-up K-band 
imaging was obtained in May 2000. The results and analysis of these observations 
are described in Chapter 6, and so the discussion here will be limited to results 
based solely on the optical data. 
The galaxy clustering associated with density maximum #21 appears extended 
beyond the central, compact core, and is highly significant with excesses of 51 red 
and 97 1 < 23.5 galaxies within 1.5h'Mpc (at z = 1.3), indicating a rich high-
redshift cluster. 
The quasar, in contrast, appears to reside in a relatively poor environment with 
no excess of red or I < 23.5 galaxies within 1.5h'Mpc observed. 
4.10 The Galaxy Environment of the z = 1.226 
LQG Quasar 
Figures 4.4 and 4.5 suggest that the z = 1.226 LQG quasar is the most likely of the 
quasars to be associated with a rich galaxy cluster, it being located within a region 
of extended clustering of red galaxies. 
Figure 4.16 shows a 6.8 x 5.7arcmin 2 (corresponding to 5.3 x 4.3h'Mpc at 
z = 1.226) I-band image containing the z = 1.226 quasar and the extended cluster-
ing comprising density maxima #53,  57, 60 and 64 in the red galaxy surface density. 
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Figure 4.16: I-band image of the 6.8 x 5.7arcmin 2 (5.3 x 4.3h 1 Mpc at z = 1.226) region of 
extended red galaxy clustering around the z = 1.226 LQG quasar, comprising density maxima 
#53, 57, 60 and 64. Red galaxies detected in both V and I images are indicated by yellow circles 
whose radii indicate the 'total  magnitude. Red galaxies detected in the I image only are indicated 
by red squares. 
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Figure 4.17: False colour image of the region around the z = 1.226 LQG quasar, showing the 
extended clustering associated with density maxima #53, 57, 60 and 64. Overlaid is a contour map 
showing the surface density of red galaxies, which is estimated using the adaptive kernel estimator 
with a = 350 lr'kpc at z = 1.3. The contours increase logarithmically with separation with 
the yellow contour set to 2 red galaxies per arcmin 2 . 
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Figure 4.18: Colour-magnitudediagram of galaxies in the region covered by Figures 4.16 and 4.17. 
Galaxies within 500 h'kpc (at z = 1.226) of the density peak #64 are indicated by squares, 
galaxies within 500 h 1 kpc of the density maximum #60  are indicated by crosses, and galaxies 
within 500 h'kpc of the density maxima #53  and  #57  are indicated by circles. The red galaxy 
colour-magnitude selection criterion is indicated by the near-horizontal line. 
Red galaxies detected in both V and I images are indicated by yellow circles whose 
radii indicate the 'total  magnitude. Red galaxies detected in the I image only are 
indicated by red squares. 
Figure 4.17 shows the false colour image of the same region. It is overlaid with 
contours showing the surface density of red galaxies as estimated using the adaptive 
kernel estimator with a = 350 h'kpc and taken from the corresponding region 
of Figure 4.5. The contours increase logarithmically with separation v",  with the 
yellow contour set to 2 galaxies per square arcmin, which is approximately the mean 
density across the whole BTC field. 
A significant number of red galaxies are apparent in the field around the z = 1.226 
quasar, forming an amorphous and extended structure. There is circumstantial 
evidence that it is associated with the quasar in the form of a number of red galaxies 
within 5 arcsec of the quasar. It was because of these galaxies in close proximity to 
the quasar that it was considered the most likely of the three LQG quasars to be in 
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a rich environment, resulting in K imaging of being obtained at the 3.8-m United 
Kingdom Infra-Red Telescope (UKIRT) in March 1999. The results and analysis of 
this data are described in Chapter 5, and so the discussion here will be limited to 
the optical data. 
The colour-magnitude diagram of galaxies in the 6.8 x 5.7arcmin 2 region cov-
ered by Figures 4.16 and 4.17 is shown in Figure 4.18. Galaxies within 500 h'kpc 
(at z = 1.226) of the density peak #64 are indicated by squares, galaxies within 
500 h 1 kpc of the density maximum #60 are indicated by crosses, and galaxies 
within 500 htkpc of the .density maxima #53  and  #57  are indicated by circles. 
There are a significant number of galaxies with 2.7 <1  V - I 3.0, from each of the 
density maxima, suggesting that the clustering around each of the density maxima 
is associated, and may be at the quasar redshift. 
Assuming the extended clustering is associated, the combined structure must 
have a considerable mass, comparable to that of the Coma cluster ( 6 x 1014  M® ), 
with an excess of 100-150 red galaxies (depending on the choice of background level) 
within Sarcmin (3.9h'Mpc) of the quasar. 
4.11 Comparison with Previous Studies 
The most obvious result from this study of four quasars at z 2f 1.3 is that they reside 
in a wide variety of galaxy environments: both the z = 1.306 and z = 1.230 LQGs 
appear to reside in poor environments, with no signs of galaxy clustering within 
2h 1 Mpc; the z = 1.426 quasar is located on the edge of a moderately-rich cluster; 
and the z = 1.226 quasar is within a region of extended galaxy clustering comprised 
of a number of sub-clusters, but rather than being located at one of the peaks of 
the red galaxy surface density, it appears to lie between two of the substructures. 
In a comparable study of the galaxy environments of seven radio-loud quasars at 
1.0 .c z < 1.6, Sanchez & Conzález-Serrano (1999) find excesses of faint (B > 22.5 
and R> 22.0) galaxies on scales of r .c 170 and r < 35arcsec around the quasars, 
whose numbers, magnitudes and angular extensions are compatible with being clus-
ters of galaxies at the quasar redshifts. In particular, however, they find that the 
quasars are not located at the peaks of the density distribution, lying at a projected 
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distance of 40-100 arcsec from them, placing the quasars on the cluster peripheries. 
The observation that those quasars which have associated galaxy clustering are 
located on the cluster peripheries rather than in the cluster cores, has important 
consequences for many of the previous studies of quasar galaxy environments. This is 
because the standard statistical approach used for examining quasar environments 
is the radial distribution of galaxies about the quasar, or equivalently, the two-
point angular quasar-galaxy cross-correlation function, wQ9 (0) (e.g. Hall & Green, 
1998). Clearly the radial distribution of galaxies about a quasar will be significantly 
different if the quasar is located on the periphery of a cluster rather than its core, the 
mean distance to the galaxies will be increased, and as a result because the radial 
distribution averages over all angles the significance of the excess will be reduced 
greatly. An additional problem of quasars being located typically 40-100 arcsec from 
the cluster centre arises for many of the quasar environment studies as the fields 
observed are sufficiently small that a significant fraction of any associated galaxy 
clustering will be outside the field of view. The Hall & Green (1998) study has 
images of size <1  3 x 3 arcmin 2 centred on each of the quasars, and so for example 
would miss much of the clustering associated with the z = 1.426 quasar. 
To demonstrate these problems, and to allow direct comparison with previous 
studies the radial distributions of red and I < 23.5 galaxies about the four z 1.3 
quasars are shown in Figures 4.19 and 4.20. 
Figure 4.19 shows that the clustering of red galaxies is most significant about the 
z = 1.226 quasar, which is expected given that the combined excess of red galaxies 
from the extended clustering is 100-150, depending on the choice of background 
level. The signal is particularly high due to the central location of the quasar within 
the extended galaxy clustering, with high densities out to 90 arcsec, with a more 
extended distribution out to 200 arcsec and beyond. 
Given the previous discussion it would be expected that the next most significant 
clustering signal in the radial distribution would be that of the z = 1.426 quasar 
due to its location on the periphery of a cluster of red galaxies. However, there is 
no significant difference in the red galaxy radial distributions about the z = 1.426 
quasar and the z = 1.230 quasar, which, from the previous discussion, shows no 
sign of associated clustering. An excess of red galaxies is observed for 0 < 120 arcsec 
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Figure 4.19: Radial distributions of red galaxies about each of the four z = 1.3 quasars in bins 
of width 30arcsec. The four radial distributions are indicated by red squares (z = 1.226 quasar), 
magenta triangles (z = 1.426 quasar), green circles (z = 1.230 quasar) and blue stars (z = 1.306 
quasar). The mean red galaxy surface density (1.258 galaxies per square arcmin) of the EIS-DEEP 
HDF-South field is indicated by the black horizontal line, and the black dot-dashed curves indicate 
the 1 a errors for each bin. 
around the z = 1.426 quasar, but it not as significant as would be expected. This 
is due to a combination of effects, firstly as the galaxy clustering is concentrated 
on one side of the quasar the galaxies are further from the quasar on average than 
if the quasar was centrally located, and they are shared between a larger number 
of bins. Secondly, on the opposite side of the quasar from the cluster is a region 
relatively devoid of red galaxies (Figure 4.5) which because the radial distribution 
averages over all angles, effectively cancels out the galaxy cluster. 
The improvement in the clustering signal by considering red galaxies as against 
I-band selected galaxies is clear by comparison with Figure 4.20. Whereas for the 
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Figure 4.20: Radial distributions of I c 23.5 galaxies about each of the four z = 1.3 quasars 
in bins of width 30arcsec. The four radial distributions are indicated by red squares (z = 1.226 
quasar), magenta triangles (z = 1.426 quasar), green circles (z = 1.230 quasar) and blue stars 
(z = 1.306 quasar). The mean I c 23.5 galaxy surface density determined from the remainder of 
the BTC field (17.452 galaxies per square arcmin) is indicated by the black horizontal line, and 
the black dot-dashed curves indicate the 1 a errors for each bin. 
radial distribution of red galaxies about the z = 1.226 quasar a clustering signal 
is apparent both at 0 < 90arcsec and 120 < 0 c 200 arcsec scales, the radial 
distribution of I c 23.5 galaxies only shows a clustering signal at the shortest scales 
with 0 < 30 arcsec, and for 0 Z  90 arcsec there is actually a deficit of I < 23.5 
galaxies. This appears due to an unfortunate coincidental lack of foreground bright 
galaxies in the same region, but it does indicate the necessity of colour-selection to 
identify high-redshift clusters, not only to remove foreground clusters, but also as 
in this case to remove foreground voids. 
Hall & Green (1998) examined the galaxy environments of 31 radio-loud quasars 
179 
at 1 <z <2, and found them on average in moderately-rich environments. In par-
ticular they report excesses of K >1  19 galaxies on two spatial scales. One component 
is within 40 arcsec of the quasar, and is significant compared to the galaxy surface 
density at greater distances for the same fields. The other component is an extended 
overdensity at 0 100 arcsec, and is significant in comparison to field regions. 
Sanchez & González-Serrano (1999) examined the galaxy environments of seven 
radio-loud quasars at 1.0 c z < 1.6, and found excesses of faint galaxies (B > 22.5 
and H > 22.0) on similar scales to those observed by Hall & Green (1998), with 
significant excesses within 35arcsec of the quasars, and a more extended galaxy 
excess on scales out to 170 arcsec. 
An examination of Figures 4.19 and 4.20 in conjunction with the known spa-
tial distribution of red galaxies from Figures 4.10, 4.13, 4.15 and 4.17 suggests an 
explanation for the two spatial scales observed for the galaxy excesses. 
Short-scale excesses are apparent for both the z = 1.226 and z = 1.426 quasars, 
and are due to both quasars being associated with galaxy clusters, although being 
located on the peripheries the signal is smeared out. The large-scale excesses are 
due to the fact that both the clusters that produce the short-scale excess are part of 
a large-scale structure. In the case of the z = 1.226 quasar, there is the filamentary 
structure marked by density maximum #64, plus the two clusters (#53  and 
 #57 ) 
to the south of the quasar. In the case of the z = 1.426 quasar, there is the second 
cluster (#20)  on the far side of the first. The large-scale excess is also partly due to 
the quasars being located on the cluster peripheries, as the signal from the cluster 
is smeared over scales reaching 100-150 arcsec. 
4.12 Consequences for the Evolution of Galaxy 
Clusters 
As discussed in Chapter 1, one of the primary aims for the identification and study 
of high-redshift clusters is to estimate the evolution of cluster abundances, from 
which Qm and QA can be constrained. The growth of high-mass clusters depends 
strongly on cosmology, mainly PM and o. In low-density models, density fluctua-
tions evolve and freeze out at early times, thus producing little evolution to z 1, 
IBM 
whereas in an 9 M = 1 universe, the fluctuations only start growing recently produc-
ing strong evolution of cluster abundances. Indeed by z = 1 the number density of 
M(r < 1 h 1 Mpc) ~! 1.5 x io' h' M® clusters (corresponding to a total cluster lu-
minosity of L > 50 L) is of an order of magnitude greater in an Q%f = 0.4, 11 A = 0.6 
model than in an Q M = 1 model. 
From the whole BTC image, there are four excellent high-redshift cluster can-
didates discussed in the previous section, each of which can be considered to have 
M> 1.5 x 10' h' M® from the combined luminosity of its member red galaxies 
alone (L Z  50 L*).  Out of the four cluster candidates: the extended clustering around 
the z = 1.226 LQG quasar will be shown in Chapter five to be associated with the 
quasar, and so at z > 1; the clustering located near the z = 1.426 quasar is made up 
of galaxies with similar V - I colours to the previous cluster, and so is likely to be at 
a similar redshift, and presumably associated with the quasar; the clustering mani-
fested by density maximum #21 will be shown in Chapter six to be at z 0.8±0.1; 
and the clustering associated with density maxima #70 and #71 could be either 
above or below a redshift of unity. To be conservative as regards examining the 
evolution of cluster abundances, just the one cluster associated with the z = 1.226 
quasar is classed as z > 1.0, with the remainder placed at 0.5 < z < 1.0, although 
it should be stated once again that this does not imply that they are at these red-
shifts. In addition to the four high-redshift clusters, there is the low-redshift cluster 
candidate at z = 0.26, giving one z < 0.5 cluster as a conservative level. 
By determining the volumes probed by the BTC field for each of the redshift 
bins z .c 0.5, 0.5 .c z c 1.0, and 1.0 < z c 1.5, for differing cosmological models, a 
conservative cluster number density can be determined, and compared with the 
cluster abundance evolution models of Bahcall et al. (1997b). Two cosmological 
models are considered, the Standard Cold Dark Matter (SCDM; Q m = 1), and a 
low-density, A-dominated CDM model (LCDM; Q m = 0.4, I?A = 0.6). Table 4.4 
shows the cluster abundances for the BTC field based on the conservative cluster 
redshift distribution discussed previously for the different volumes probed by the 
BTC field in the two cosmological models. 
Figure 4.21 compares the observed cluster abundances as a function of redshift for 
clusters with mass M(r .c 1.0h'Mpc) > 1.5 x io' h' M ® with those predicted for 
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Redshift Clusters p(h 3 MpC3 ) p(h3 MpC3 ) 
Range M(r < 1.0hMpc) > (flc = 1, (!Zw = 0.4, 
1.5 x 1014  h' M®  QA= 0) QA= 0.6) 
z < 0.5 1 1.87 x I0 1.20 x 10 
0.5 < z < 1.0 3 1.83 x 10 8.97 x 10-6 
1.0 < z < 1.5 1 4.72 x 10-6 1.98 x 10 
Table 4.4: Cluster abundances as a function of redshift for the BTC field. 
a number of cosmological models by numerical simulations (Bahcall et al., 1997b). 
The data are from the Palomar Distant Cluster Survey (PDCS; Postman et al., 
1996) indicated by the black symbols, and the BTC field which are indicated by 
the red symbols. The different symbols represent the observed number densities for 
QM = 1 (filled circles), Qm = 0.35, 9A = 0 (open circles), and QM = 0.4, QA = 0.6 
(filled triangles) cosmologies. 
The evolution of the cluster abundance with redshift has been modelled by Bah-
call et al. (1997b) for four different cosmologies using large-scale numerical simu-
lations. The different cosmological models considered are: a biased Standard Cold 
Dark Matter (SCDM) model with QM = 1; a low-density, A-doinated CDM model 
(LCDM) with SZM = 0 • 4 ,A = 0.6; a low-density, open CDM model (OCDM) with 
Qm = 0.35, hA = 0; and a mixed, hot and cold dark matter model (MDM) with 
QM = 1, hi-mM = 0.3. Each of the models is constrained to be consistent with the 
present-day abundance of rich clusters by adjusting ors ( mass ), the fractional rms 
mass fluctuations in a sphere of radius 8h'Mpc, to satisfy c8 clj5 0.5 ± 0.05 
(Henry & Arnaud, 1991; Viana & Liddle, 1996). The parameter 0'8 effectively mea-
sures the bias in the distribution of mass versus light observed as galaxies, since 
cs (galaxies) 1. Hence the SCDM model which has a s = 0.5 is highly biased, with 
mass distributed more widely than light. All models except for the biased SCDM 
model are also consistent with the COBE microwave background fluctuations. 
Only a mild negative evolution of cluster abundances with redshift is observed 
for both sets of data, in excellent agreement with the low-density bias-free models 
(OCDM, LCDM). .They are highly inconsistent with the biased high-density models 
(SCDM), with the observed number of clusters an order of magnitude greater than 
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Figure 4.21: Comparison of observed and model cluster abundances as a function of redshift 
for clusters with mass M(r .c 1.O!r'Mpc) > 1.5 x 10 14 h - ' M ® . The data are from the PDCS 
(Postman et al. 1996, - black symbols) and the BTC field (red symbols). The different symbols 
represent the observed number densities for CZM = 1 (filled circles), OM = 0.35, Q, = 0 (open 
circles), and 0R1 = 0.4, QA = 0.6 (filled triangles) cosmologies. Adapted from Figure 13 of Bahcall 
et al. (1997b). 
predicted at 0.5 < z .c 1.0, and a factor of r's 
 100 greater at 1.0 < z < 1.5. The 
finding of any z > 1 clusters is highly unlikely in QM = 1 cosmologies, and given 
that numerous z > 1 clusters have now been found (e.g. this thesis; Dickinson, 
1995; Stanford et al., 1997; Yamada et al., 1997; Rosati et al., 1999) such biased 
high-density cosmologies can be all but ruled out. 
It should be considered that the BTC field is biased towards high-redshift clus-
ters, in the sense that it was selected for its high-density of z 2f 1.3 quasars. However 
this does not affect the conclusion that the data are inconsistent with an Qm = 1 
cosmology, as either the three clusters in the 0.5 .c z < 1.0 redshift bin are at these 
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redshifts, and hence unrelated to the quasar structure and selected in a bias-free 
manner, or one or more of them are related to the quasar group, implying that 
a large-scale structure is in place at z 1.3 containing more than one rich clus-
ter, something that would be even more inconsistent with an Q M = 1 universe. The 
problem is even worse for the M = 1 model if the mass of the cluster associated with 
the z = 1.226 quasar is significantly greater than the conservative 1.5 x io' h' M® 
used in the models, as the predicted abundances of 1 < z < 1.5 clusters are reduced 
by several orders of magnitude for masses ( 6 x 1014 
 h' M ® ) comparable to that 
of the Coma cluster. 
One factor that was not considered in the previous discussion was the substruc-
ture observed for three of the four clusters. Certainly the clustering nearby the 
z = 1.426 quasar and that marked by density maxima #70 and #71 appears highly 
bimodal, and the clustering associated with the z = 1.226 quasar shows a great deal 
of substructure with several compact clumps of galaxies connected by a more diffuse 
and extended distribution. Such substructure in the galaxy clustering appears rela-
tively common at high redshifts. Using deep Chandra X-ray imaging data Stanford 
et al. (2000) detect spatially-extended X-ray emission from cluster RX J0848+4453 
at z = 1.27 (Stanford et al., 1997) due to hot gas in its intra-cluster medium, that 
appears amorphous and bimodally distributed. They suggest that this cluster is in 
the process of merging, as the bimodality is also apparent in the distribution of red 
galaxies. 
It should not be surprising that a large fraction of clusters at z Z  1 show signs 
of substructure or merging, as in a hierarchical clustering model galaxy clusters are 
formed by the progressive coalescence of subclusters. It is also interesting that many 
of the high-redshift structures apparent in the BTC field have dense, compact cores 
surrounded by a diffuse, extended galaxy structure. This suggests that at these 
redshifts clusters are still in the process of forming with only the cores dynamically 
settled, and that over the next few gigayears the clusters will increase in size through 
the progressive absorbing of galaxies from the extended distribution. 
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4.13 Interpretation - The Galaxy Environments 
of z 1.3 Quasars 
The primary result of studies of the galaxy environments of quasars at 1 z 1.5 
(e.g. this thesis; Hall & Green, 1998; Sanchez & González-Serrano, 1999) are that 
the quasars are found in a wide variety of environments, from those comparable to 
field regions, to others as rich as Abell class 1-2 clusters, but on average they reside 
in poor clusters, making them biased tracers of mass compared to galaxies. Also, 
those quasars which have associated galaxy clustering are located on the peripheries 
of the clusters rather than in the centres. 
These observations are entirely consistent with, and can be explained by, our cur-
rent understanding of quasars, their galaxy hosts, and their triggering mechanisms. 
They also indicate that large-scale environmental factors do not play a dominant 
role in the activation of quasars, as can be seen simply by the fact that quasars are 
found in such diverse environments, although there is one important proviso to this 
statement as will be discussed later. 
The dominant factor in determining the galaxy environment of a quasar appears 
to be the host galaxy. As discussed in the introduction, recent HST-based studies 
have been able to establish the basic properties of the quasar host galaxies, finding 
that they are bright galaxies with L > L* and have luminosity profiles that are well 
described by a de Vaucouleurs r"-law spheroidal profile, establishing that, at low 
redshifts at least, the hosts of both radio-loud and radio-quiet quasars are massive 
elliptical galaxies (McLure et al., 1999; Dunlop, 2001). 
The requirement for a massive galaxy host for a quasar to be activated appears 
related to the observation of a correlation between the mass of the central black hole 
and the bulge mass of the host galaxy (Magorrian et al., 1998; Merritt & Ferrarese, 
2001), implying a causal link between the formation and evolution of the black hole 
and its galaxy host. This suggests that the finding of quasars in massive galaxy 
hosts with Mh05 1012 M ® is the combined result of this observed correlation and 
the requirement for a black hole mass of M811 >1  io M® to power luminous quasars 
with Mv < —23.5. 
The observation that the hosts of quasars are the most luminous and massive 
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galaxies appears confirmed by the quasar two-point redshift-space correlation func-
tion from the 2dF QSO Redshift Survey, which is found to be comparable to results 
for local optically-selected galaxies, and evolves with redshift in a manner consis-
tent with quasars residing in dark matter halos with masses of MDMJq Z 1012-13 M® 
(Groom et al., 2000). 
The observation that quasars are found in a wide variety of environments, but 
are on average found in overdense regions, hence can be fully explained by the 
quasar host being a massive elliptical galaxy, which traces mass in the same biased 
manner as described by the density-morphology relation of Dressler (1980). Whilst 
massive elliptical galaxies are found preferentially in cluster environments, they are 
also found in field regions. 
As mentioned previously, there is one particular environmental factor which 
may affect quasar formation. That is the apparent avoidance by quasars of the 
high-density regions of cluster cores (e.g. this thesis; Sanchez & González-Serrano, 
1999). This observation can be understood in terms of both the quasar triggering 
mechanisms described in theintroduction: the accretion of gas during the process of 
galaxy formation (e.g. Efstathiou & Rees, 1988; Haehnelt & Rees, 1993); and galaxy 
interactions (e.g. Roos, 1981, 1985a,b; Stockton, 1982). 
If quasars are activated as the result of the accretion of gas during galaxy for-
mation (Haehnelt & Rees, 1993), then they are unlikely to form in the cluster cores, 
as these regions are filled with shock-heated virialised gas that does not easily cool 
and collapse (Blanton et al, 1999), thus inhibiting the formation of both stars and 
galaxies (Blanton et al., 2000). If instead, galaxy interactions and mergers are the 
dominant quasar triggering mechanism, then as the encounter velocities of galax-
ies in the centres of clusters are much greater than the internal velocity distribu-
tion of galaxies of 200 km s 1 , galaxy encounters become much less effective at 
producing galaxy mergers and triggering nuclear activity (Aarseth & Fall, 1980). 
As discussed in the introduction, the vast majority of those interactions likely to 
have triggered quasar activity appear to be minor mergers involving dwarf compan-
ion galaxies. Just as there is a density-morphology relation for early-type galaxies 
(Dressler, 1980), there is a comparable relation for the dwarf galaxy population, 
with dwarfs more common in low-density environments away from the centres of 
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rich clusters (Phillipps et al., 1998). The need for a potential source of gas to fuel 
the quasar activity may also play a part in the preferential location of quasars on the 
cluster peripheries, as galaxies in the centres of clusters have previously lost most or 
all of their gas, by having had it stripped off by ram-pressure from the intra-cluster 
medium (Evrard, 1991), or by tidal forces from close encounters with other galaxies 
(galaxy harassment; Moore et al., 1996), or by consuming the gas in a starburst 
during its first infall into the cluster. 
This avoidance of the high-density cluster cores by quasars should be redshift 
dependent with the effect greatest for low-redshift clusters as they are more massive 
and have had more time to virialise than their high-redshift counterparts, and so 
the inhibitory effect of the hot intra-cluster medium will be that much greater. At 
high redshifts (z Z 2) the effect should disappear, as the clusters are less massive 
on average and are still in the process of forming, and also the effective biasing of 
quasars will be much greater, as those dark matter halos sufficiently massive to host 
a quasar are associated with the most significant overdensities in the initial density 
perturbation field. 
In a counter argument to the preferential location of quasars on the cluster pe-
ripheries, it should be noted that there is a selection effect in favour of finding quasars 
on the peripheries rather than the centres of clusters, in terms of the relative volumes 
of the cluster peripheries and centres, i.e. the volume of space with r0 < r < 2r0 is 
seven times greater than that with r < r0 . Hence given the small sample involved 
(the two in this paper and the seven of Sanchez & González-Serrano, 1999) it can-
not be conclusively ruled out that quasars show no preference with regard to their 
location within a cluster. 
The observations of the galaxy environments of quasars appear to confirm the 
consensus view of the framework of quasar activity being triggered by the infall of 
gas onto a seed black hole. Quasars also appear to be biased tracers of mass, located 
preferentially in overdense regions. This is the reason why quasars are such excellent 
probes of high-redshift galaxy clustering, and lends credence to the hypothesis that 
large quasar groups trace the most massive superclusters in the universe. 
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4.14 Evidence for a Large-Scale Structure 
Associated with the Clowes-Campusano 
Large Quasar Group at z 1.3 
The observation of a 2 a excess of red galaxies across the whole BTC field in com-
parison to the ETS-DEEP HDF-South field is significant evidence in favour of a 
high-redshift large-scale structure crossing the field. The observed 50-70% excess 
of red galaxies may seem at first sight unlikely, but a comparison with the red-
shift distribution of Mgi, absorbers for quasars behind the Clowes-Campusano LQG 
indicates that such a result is reasonable. Williger et al. (2000) observe 11 Mgii ab-
sorbers at 1.2 c z c 1.3 whereas only 4 would be expected, a 3.4a overdensity or an 
excess of 175%. To compare this result with the observed red galaxy excess, consider 
a redshift distribution for the red galaxies that is uniform for 0.6 < z < 1.4. By 
then adding a 175% excess of galaxies with 1.2 < z < 1.3, this would produce a total 
red galaxy excess of 22%. This is clearly a crude estimate, but it does suggest that 
large fractional excesses would be expected for any large-scale structure associated 
with the Clowes-Campusano Large Quasar Group. If one then considers that the 
BTC field was chosen to cover a particularly dense region of the group containing 
three quasars, it is easy to see how excesses of the order observed are possible, and 
indeed likely. 
Given the relatively small size of the EIS-DEEP field used for comparison, it is 
not possible to be certain that the observed excess is real. It could be just that the 
EIS-DEEP field is a particularly underdense region, although the random placement 
of same-sized fields in the BTC image are found to contain as few red galaxies less 
than 2% of the time. It would still be desirable to consider further comparison fields 
as and when they become publicly available. 
Further evidence in favour of a large-scale structure associated with the Clowes-
Campusano LQG comes in the form of the spatial distribution of the red galaxies, 
and in particular the observed extended clustering around the z = 1.226 quasar. 
From the optical images alone, it appears likely that this clustering is indeed as-
sociated with the quasar, and as will be discussed in Chapter 5 the additional 
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near-infrared imaging confirms this. The extent of clustering associated with this 
quasar appears significant, with an excess of 100-150 red galaxies within 5arcmin 
(corresponding to 3.8h'Mpc at z = 1.226) of the quasar. 
If the overall red galaxy excess, the clustering associated with the z = 1.226 
quasar, and the excess of Mgii absorbers at the LQG redshift are considered together, 
the evidence for the Clowes-Campusano Large Quasar Group tracing a large-scale 
structure at z 1.3 becomes highly convincing. These results are paralleled by 
those of Tanaka et al. (2000, 2001) who find evidence for a large-scale structure 
20h'Mpc across that is traced by five quasars from the Crampton et al. (1989) 
LQG at z 1.1 (Tanaka et al., 2001), with one of the quasars located on the 
periphery of a rich cluster (Tanaka et al., 2000). 
4.15 Summary 
In this chapter galaxy clustering at redshifts beyond 0.5 is examined by considering 
the spatial distribution of the reddest galaxies in the BTC images, with I < 23.5 
and V - I > 3.6891 - 0.0651 x 'totalS By selecting galaxies using the same criteria 
in a comparably deep field, the EIS-DEEP HDF-South field covering 27arcmin 2 , 
and taking advantage of its UBVRIJHK 8 photometry to estimate the red galaxies' 
redshifts and star-fori -nation histories, it is demonstrated that these are early-type 
galaxies at 0.6,z,C 1.5. This is confirmed by the two-point angular correlation 
function of the red galaxies in the BTC field which finds the clustering strength of 
red galaxies to be an order of magnitude greater than I-band selected galaxies. 
A 2 a excess of red galaxies is found in the BTC field in comparison to the 
EIS-DEEP HDF-South control field, corresponding to -S.' 1000 extra red galaxies 
over the BTC field. It is suggested that this excess is due to a high-redshift large-
scale structure encompassing the whole field, which supports the hypothesis that the 
Clowes-Campusano Large Quasar Group traces a large-scale structure at z 1.3. 
Four high-redshift cluster candidates are apparent in the BTC field, of which two 
appear associated with quasars. The z = 1.226 quasar is located within a region 
of amorphously-distributed galaxy clustering extending over several megaparsecs 
and which appears to be a very rich environment with an excess of 100-150 red 
IRM 
galaxies observed. The z = 1.426 quasar is located on the periphery of a cluster 
of red galaxies, with a second cluster 2.4h'Mpc from the first. It appears that 
at this epoch, galaxy clusters are still in the process of forming and coalescing, 
as three of the four high-redshift cluster candidates have significant substructure, 
either bimodal or more complex.. The finding of so many clusters at high-redshifts 
indicates a mild negative evolution of cluster abundance with redshift that is highly 
inconsistent with an Q M = 1 universe where clusters are predicted to form later and 
evolve much more rapidly. 
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Chapter 5 
The Galaxy Environment of the 
z = 1.226 LQG Quasar 
5.1 Introduction 
As discussed in the previous chapter, to determine whether LQCs trace large-scale 
structure requires observations capable of identifying the quiescent galaxies that 
mark out any associated supercluster, in particular the massive ellipticals which 
dominate cluster cores. These are both the most luminous and the reddest galaxies 
in nearby clusters, and form a homogeneous population with very tight, linear colour-
magnitude relations known as red sequences (Bower et al., 1992), indicative of old 
(11-12Gyr) stellar populations. This red sequence has been followed in the optical 
for clusters out to z 0.9 (Aragén-Salamanca et al., 1993; Stanford et al., 1998) 
and is consistent with the passive evolution of galaxies that formed in a monolithic 
collapse at z >1  3 (Eggen et al., 1962). At these low and intermediate redshifts the 
location of the red sequence on optical colour-magnitude diagrams can be used 
as an accurate indicator of redshift. However at z Z 1 the 4000 A break has been 
redshifted into the I band, and so the accuracy of redshift estimatS based on optical 
data alone is reduced: as (i) the rate at which the red sequence colour reddens with 
redshift slows markedly; and (ii) the red sequence galaxies are intrinsically faint in 
the optical and so have greater photometric errors, smoothing out any red sequence 
in the colour direction. 
The cluster red sequence method can be applied successfully to the detection and 
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redshift estimation of clusters beyond z 	 1 through the addition of near-infrared 
imaging. By straddling the 4000 A break, which at these redshifts is passing through 
the I-band, the I - K colour can be used as an excellent identifier of z >1  1 early-
type galaxies. These should be characterised by extremely-red optical- near-infrared 
colours with I - K 4, much redder than all foreground galaxies except for a few 
extremely dust-enshrouded starbursting galaxies. Good contrasts of z Z 1 clusters 
over the background are possible as field I - K c 4 galaxies appear rare: the 
Hawaii K-band survey finds no galaxies with I - K > 4 for K < 18 over an area of 
86.7 arcrnin2 
 (Cowie et al., 1994; Songaila et at., 1994). 
Several z 1.2 clusters have been found by searching for galaxies with I - K 4 
in fields around both targeted high-redshift AGN (Dickinson, 1995; Yamada et al., 
1997) and regions of extended X-ray emission (Stanford et al., 1997; Rosati et al., 
1999). These galaxies are found to have the optical- near-infrared colours (I - K 4, 
1? - K 6) expected for passively-evolving galaxies which are 2-3 Gyr old, in good 
agreement with the monolithic-collapse model predictions. Dickinson (1995) also 
finds a red sequence for the z = 1.2 cluster around the radio-galaxy 3C324 with 
R - K 5.9 and an rms scatter of only 0.07 mag, suggesting that these galaxies 
formed within 300 Myr of one another. 
As described in the previous chapter, on the basis of the spatial distribution 
of red galaxies in the BTC field, the z = 1.226 quasar appeared to be the most 
likely of the three quasars from the Clowes-Campusano LQG to have associated 
galaxy clustering on 1 h'Mpc scales. It was located within a region of red galaxy 
clustering extending over Z5arcmin (4h'Mpc at z = 1.226) resulting in an 
excess of 100-150 red galaxies. It was thus an excellent candidate for follow-up 
near-infrared imaging to confirm the redshift of the clustering, and to examine the 
properties of galaxies in the cluster environment in more detail, by allowing those 
galaxies with some recent star-formation to be identified as well as the passively-
evolving ellipticals. 
The initial motivation for examining the field of this quasar in preference to 
the other two LQG quasars, was in fact its immediate environment as, at the time 
the decision was made, the V and I images had not been registered and combined, 
and so the distribution of red galaxies was not yet known. Of the three LQG 
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quasars in the BTC field, the z = 1.226 quasar had the most interesting immediate 
environment with several galaxies within 5 arcsec indicating that it was likely to be 
in an interacting system. 
This chapter details the results and analysis of K imaging of a 2.25 x 2.25 arcmin 2 
field (corresponding to 1.75 x 1.75 h 2 Mpc2 at the quasar redshift) centred on the 
z = 1.226 quasar at 10146m56.703, +05 041'50.5" (J2000). The quasar is classed as 
being radio-quiet on the basis of not being detected at the 1 mjy level by the VLJA 
Faint Images of the Radio Sky at Twenty-centimetres (FIRST) Survey. 
5.2 Observations 
K imaging was obtained for a 2.25 x 2.25 arcmin 2 field centred on the z = 1.226 LQG 
quasar using the UKIRT Fast-Track Imager (UFTI) camera on the 3.8-rn United 
Kingdom Infra-Red Telescope (UKIRT). The near-infrared observations took place 
on the night of 20/21 March 1999, obtained using the Director's Discretionary Time 
of Andy Adarnson, who was also the observer on the night. 
The UFTI camera is a cooled 1-2.5pm instrument with a 1024 x 1024 HgCdTe ar-
ray. The plate scale is 0.091 arcsec per pixel, giving a field of view of 92 x 92 arcsec 2 . 
A standard 9-point jitter pattern was used, with each 1 minute exposure offset by 
20 arcsec relative to adjacent exposures, the nine pointings forming a 3 by 3 grid. 
A dark frarne was obtained between each set of jitters, and subtracted before self-
flattening the set. In total 7 circuits of the jitter pattern were completed, resulting 
in a total exposure time of 63 minutes. The exposure were registered by considering 
the relative position of the quasar in each of the images, as it was the only source 
apparent in all of the individual exposures. As a result the effect of any rotation 
between images was not considered, but this does not appear to have affected the 
results. Due to the use of the jitter pattern, the size of the field observed is in-
creased to 2.25 x 2.25 arcmin 2 , although the 20 arcsec wide strips at the edges of the 
field have only one-third of the exposure time. However, as many of the sources 
identified in the previous chapter as red galaxies are located near the edges of the 
field, the strips have been retained, with each source checked visually, and separate 
magnitude limits determined. 
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The resultant K image has a FWHM of 0.6 arcsec, a typical level of seeing 
for UKIRT data, but significantly better than for the BTC images. To allow 
galaxy colours to be determined using a single fixed aperture, the K image was 
convolved to the same seeing as the I image (1.15arcsec) using a Gaussian kernel 
of FWHM = 0.86 arcsec (a = 4pixels). 
The K image was then registered with the optical image through comparison of 
the positions of 40 bright sources (K < 19) in the K and I images using the IRAF 
tools geomap and register, resulting in the simple linear transformation 
X reg = 1982.3106 - 0.2116363 X Xi.: - 0.0034551 x YK 	 (5.1) 
Yr eg = 4617.3771 - 0.0032378 >< Xjç + 0.2127302 x Yjç, 	 (5.2) 
where (XK, YK) is the position of the source in the K image, and (X r , Yreg ) is the 
corresponding position in the I image after registration. 
The photometric calibration of the K image was performed through observation 
of the UKIRT faint standard fs20 (G163-50; a = 11406m5993s, S = —05°09'26.1") 
which has K = 13.503 ± 0.010 (Hawarden et al., 2001). Five 20 second observations 
were obtained for the standard star, using differing parts of the detector, which 
resulted in a zero-point for the K image of 25.546 + 0.021. 
Object detection was carried out using SEXTRACTOF (Bertin & Arnouts, 1996) 
with sources identified as having 150 ( FWHM 2 ) contiguous pixels over the 1.6o' 
detection threshold. As the K image had been previously convolved to the seeing of 
the optical images, a Gaussian filter was not used in the detection process. The total 
magnitudes were taken to be the MAG.BEST output from SEXTRACTOR, and colours 
were determined using fixed apertures of diameter 2.5 arcsec. The magnitude errors 
are determined in SEXTRACTOR by considering the rms noise levels in the image. 
However, in this case these levels have been artificially reduced by convolving the 
image before the source detection process, and hence are significantly lower than 
they should be. 
Instead of using the errors as determined by SEXTRACTOR, they are calculated 
for each source by assuming Poisson noise through the equation 
'A Fback + Fsource 
Srn = 8(2.5 log Fsonrce) = !. (W,,urce) = 10857V Nexp Y 	
Açg 	
(5.3) 
n 10 	 source 	 source 
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Filter Exposure Seeing Completeness 
band time FWHM limits (mag) 
(subfield) (sec) (arcsec) 90% 	 50% 
K (centre) 3780 0.60 19.25 	 19.95 
K (edge) 1260 0.60 18.82 	 19.53 
I 16200 1.15 24.68 	 25.39 
V 8100 1.30 25.40 	 25.95 
fable 5.1: Photometric properties of the images, including exposure times and completeness 
levels. The V and I values are for the area covered by the K image, rather than for the whole 
BTC field. 
where A is the aperture area in units of square pixels, Fbk = 1320.4 is the back-
ground flux level, N,,p is the number of 60 second exposures that the source is 
covered by, Fsource is the flux level of the source, and g = 7.172 is the gain of the 
detector (Bertin, 1996, p.  12). 
Star-galaxy separation of each source was performed using a combination of 
morphology (using the stellarity classifier in SEXTRACTOR) and a comparison of 
V - I and I - K colours with model stellar and galaxy tracks. Stellarities of sources 
in both V and I images were obtained and the weighted mean used for classification 
as discussed in Chapter 2. Most of the sources classified as stars by morphology, 
also had colours that lay near the model stellar tracks, but a number of sources had 
the colours of blue galaxies, and were reclassified as such. 
Figure 5.1 shows the convolved K-band image of the 2.25 x 2.25 arcmin 2 field 
centred on the z = 1.226 LQC quasar. Each source detected by SEXTRACTOR 
and visually-verified is labelled by the identification code used in Table 5.3. The 
differing colours and symbols indicate the morphological classification of the source, 
and whether it is detected in the optical BTC images: yellow circles indicate that 
the source is classified as a galaxy and is detected in all three images (V, I and K); 
green circles indicate that the source is classified as a galaxy and is detected in the 
K and I images only; red squares indicate that the source is classified as a galaxy 
and is detected in the K image only; and blue circles indicate that the source is 
classified as stellar. 
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Figure 5.1: K-band image of the 2.25 x 2.25 arcmin2 field centred on the z = 1.226 LQG quasar 
(source #121). Each source detected by SEXTRACTOR and visually verified is labelled by the 
identification code used in Table 5.3. The differing colours and symbols indicate the morphological 
classification of the source, and whether it is detected in the optical BTC images: yellow circles 
indicate that the source is classified as a galaxy and is detected in all three images (V, I and K); 
green circles indicate that the source is classified as a galaxy and is detected in the K and I images 
only; red squares indicate that the source is classified as a galaxy and is detected in the K image 
only; and blue circles indicate that the source is classified as stellar 
Completeness levels were determined for the K image in a similar manner as for 
the optical BTC images, by dimming a bright galaxy to a specified magnitude and 
adding 100 copies to the image at random positions, and then processing through 
SEXTRACTOR in the usual way. The 50% and 90% completeness levels are estimated 
as the magnitude for which 50 and 90 galaxies out of the 100 are recovered. As the 
exposure levels vary considerably across the K image, two separate completeness 
levels were determined, one for the centre of the image where all 63 exposures are 
used, and one for the 20 arcsec wide strips at the edges of the image where only 
one-third of the exposures are used. The resulting completeness levels are shown 
in Table 5.1 with in addition the corresponding completeness levels for the BTC V 
and I optical images for the same region. 
5.3 Results - Galaxy Counts 
In total 100 sources are detected in the K image, of which 95 have counterparts 
in the I image, and 79 have counterparts in both V and I images. Each source 
has been visually-verified, in particular if the source is not detected in either of the 
optical images, as a number of sources only detected in the K image are spurious 
noise events towards the edges of the images and have to be removed. Fourteen of 
the 79 sources are classified as stars, leaving 86 galaxies in the 2.25 x 2.25 arcmin 2 
field. Of the five sources detected in the K image only, two are the close companion 
galaxies of the quasar which could not be separated from the quasar point-spread 
function by SEXTRACTOR in the V and I images, and the three others must have 
I - K > 3.75 to remain undetected in I. 
Table 5.2 shows the comparison of galaxy counts for the K image with those 
expected from a field region (Songaila et al., 1994). Excesses of galaxies are observed 
in all magnitude bins, even in the last bin where incompleteness should reduce any 
excess. By considering a magnitude limit of K < 19 (an L < galaxy at z = 1.226 has 
K 19.05) for which both the data are essentially complete and the photometry is 
accurate, then a 3.5 c excess is observed, with 40 galaxies observed whereas only 19 
would be expected. The significance of this result takes into account the effect on 
galaxy statistics of the two-point angular correlation function, which is taken to be 
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Magnitude 
Observed 
Total 	 I—K>3.75 
Expected 
Total 	 I—K>3.75 
15<K<16 1 1 0.533 0 
16<K<17 3 1 2.186 0 
17<K<18 13 5 4.204 0.050 
18 < K < 19 23 16 11.36 1.939 
19<K<20 39 23 21.81 1.896 
Total 79 46 41 4 
Table 5.2: A comparison of total and extremely-red (I - K > 3.75) galaxy counts in the K 
image, binned by magnitude, and those expected for the same-sized region in the field (Songaila 
et al. 1994). The numbers include those observed only in the K image, with the two companions 
to the quasar assumed to have I - K <3.75, and the other three sources to have I - K > 3.75. 
w(0) = 1.130(l)_8 (Roche et al., 1999) for K < 19 galaxies, through 
C2 = Nexp 
+ N2 fJw(012)dQidIl2 
CTP 	 5fd121d112 (5.4) 
where Nex p is the expected number of galaxies in the field. By considering only 
those galaxies with I - K > 3.75 then the excess is much more significant, with 23 
galaxies observed instead of the expected 2. Even though the clustering amplitude 
of extremely-red galaxies is a factor of ten greater than that of K-selected field 
galaxies (Daddi et al., 2000), a 9u excess is still observed. It is clear that the total 
excess is due entirely to these extremely-red galaxies, indicating a likely cluster at 
z >1  0.8, and so all I - K > 3.75 galaxies are considered to be cluster members. 
The multi-colour optical- near-infrared catalogue of sources detected in the K-
image is presented in Table 5.3. 
ID The identification number given to each source by the SEXTRACTOR software, 
as indicated by the labelling in Figure 5.1. 
RA, Dec The Right Ascension and Declination (J2000) for each source calculated 
for the position of the source in the K image. 
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Table 5.3: Multi-colour optical- near-infrared catalogue of sources in the K-image centred on the 
z = 1.226 quasar. Page 1 of 4. Each source on this page is detected in all three passbands, and is 
classified as a galaxy. 
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Table 53 continued: Multi-colour optical- near-infrared catalogue of sources in the K-image 
centred on the z = 1:226 quasar. Page 2 of 4. Each source on this page is detected in all three 
passbands, and is classified as a galaxy. 
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Table 53 continued: Multi-colour optical- near-infrared catalogue of sources in the K-image 
centred on the z = 1-226 quasar. Page 3 of 4. Each source on this page is classified as a galaxy 
and is detected in both I and K bands, and the first 11 sources are detected in the V band also, 
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Table 5.3 continued: Multi-colour optical- near-infrared catalogue of sources in the K-image 
centred on the z = 1.226 quasar. Page 4 of 4. The first table lists those sources detected in the K 
image only, and the second table lists those sources classified as stellar sources. 
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Xqso, YQSO The position of the source relative to the quasar in units of arcsecs, 
with east and north the directions of increasing X and Y respectively. 
Ktotai, 'total, Vtotai The total magnitudes (and errors) of each source in the K, 
I and V images according to the MAG_ BEST output of SEXTRACTOR. 
I-K, V-I, V-K The colours (and errors) of each source as determined through a 
single 2.5 arcsec diameter aperture. For those sources not detected in one of 
the bands, a lower limit is given which is taken to be the 90% completeness 
level for the non-detection band. 
STAR The stellarity of the source based on the combined V and I data if possible. 
For those sources detected in K and I only, the stellarity is taken from the 
I data, and for those sources detected in the K image only, the stellarity is 
taken from the K data. 
Comments Where given the comment indicates whether the source is either the 
quasar, indicated by 'QSO', or one of the early-type galaxies which make up 
the cluster red sequence. These are indicated by El—iS in order of increasing 
K magnitude, and correspond to the sources of Table 5.5 and Figure 5.7. 
The first two and a half pages of the table lists the 65 sources detected in all three 
passbands and which are classified as galaxies, whilst the remaining 16 sources on the 
third page are those detected in both K and I images, but not the V image, and are 
also classified as galaxies. The fourth page of the table lists the five galaxies detected 
in the K image only, and also the 14 sources classed as stars from a combination of 
their morphology and colour. 
5.4 Galaxy Colours 
The I - K versus V - I colour-colour diagram for sources in the K image is shown 
in Figure 5.2. Those galaxies whose colours are well described by the z 1 = 3.5 burst 
model at z 1.2 are shown as filled red squares. Those galaxies whose colours are 
well described by galaxies at z 1.2 with some recent star-formation are shown as 
filled green circles, and the remainder of sources classified as galaxies are shown as 
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Figure 5.2: 1 - K against V - I colour-colour diagram for sources in the K image. Those 
galaxies whose colours are well described by the zj = 3.5 burst model at z 2f 1.2 are shown as 
red solid squares, those whose colours are well described by galaxies at z 1.2 with some recent 
star-formation are shown as green solid circles, and the remainder of sources classified as galaxies 
are shown as open circles. Those sources classified as stars are shown as blue star-symbols, and 
the model track for main sequence stars is shown as a blue dotted-line. The four galaxies whose 
redshift probability distributions are shown in Figure 5.3 are indicated by superimposed, labelled 
yellow diamonds. For comparison, model tracks are shown for an instantaneous burst at zj = 3.5 
(solid red line), and exponentially-decaying star-formation rate models with time-scales of 1 Cyr 
(green dashed-line) and 5 Gyr (magenta dot-dashed-line). Each track shows the colour evolution 
from z = 1.5 to z = 0 with crosses at 0.1 redshift intervals. The effect of adding a secondary 
burst of star-formation to the passively-evolving component is shown by the blue curve. The 
effect of internal extinction at z = 1.226 at the level of At, = 1.0 is indicated by an arrow in the 
bottom-right corner. 
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open circles. The four galaxies whose redshift probability distributions are shown 
in Figure 5.3 are indicated by superimposed, labelled yellow diamonds. 
For comparison, Figure 5.2 also has model tracks showing the colour evolu-
tion of the different galaxy types. The model curves correspond to stellar popu-
lations formed in an instantaneous burst (red solid-line), and stellar populations 
with exponentially-decaying SFRs with time-scales (r) of 1 Gyr (green dashed-line) 
and 5 Gyr (magenta dot-dashed-line), and are thought to approximate the colour 
evolution of massive elliptical and disk-dominated galaxies respectively. Lilly et al. 
(1998) showed that the colours of disk-dominated galaxies at z = 0.65-0.87 are 
broadly fitted by similar models with r = 5 Gyr. The formation epoch of each 
model is set to zj = 3.5, and each track shows the colour evolution from z = 1.5 
to z = 0 with crosses at 0.1 redshift intervals. The galaxy ages are determined 
for an H0 = 75 km s' MpC', 11 M = 0.3, 11A = 0.7 universe, but most reasonable 
cosmologies do not affect the tracks significantly at these redshifts. 
By considering the effects of redshift and star-formation on the colour of galaxies, 
it is possible to select galaxies of a particular type and redshift through colour 
selection. The I—K colours of the model tracks increase monotonically with redshift 
to z 1.3, and it is clear that I - K 4 is a good indicator of galaxies at z Z 1 with 
predominantly old stellar populations. As a result, those galaxies with I - K > 3.75 
(above the red dotted-line) are the most likely to be at z 1.2 and so this selection 
criterion is used to identify cluster candidates. 
The effect of a recent secondary burst of star-formation on a high-redshift galaxy 
that had been previously evolving passively is shown by the blue curve. The 
secondary-burst model curve is created by taking the passively-evolving galaxy 
model in which the stellar populations form in an instantaneous burst at zj = 3.5, 
to which are added increasing amounts of recent star-formation in the form of a 
200 Myr long burst of constant star-formation, and are then observed at z = 1.226. 
The colour of the two-population model is then dependent on the mass ratio be-
tween the star-forming and passively-evolving components. It is clear that the effect 
of a recent burst of star-formation is to make the optical V - I colour significantly 
bluer, without greatly affecting the I—K colour. The relative mass fraction involved 
in the star-formation can be quite small, with only one percent of the total mass 
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required to be undergoing star-formation to produce a V - I colour of 
	 1, and 
only -.s 0.1% required to produce a V - I colour of 2.2. Given that the effect of 
star-formation is predominantly in the V - I direction, by selecting galaxies by their 
V - I colour, star-forming and passively-evolving cluster members can be separated, 
and so a selection boundary of V - I = 2.00 (shown as green dotted-line) is used to 
classify galaxies as either passively-evolving (hereafter labelled red) or star-forming 
(hereafter labelled red outliers). 
Galaxies dominated by star-formation are likely to have blue V - I colours 
whatever the redshift, and so the selection of blue galaxies having V - I < 1 (left of 
cyan dotted-line) is used to identify these starbursting galaxies. 
The effect of internal extinction at z = 1.226 at the level of Av = 1.0 is indicated 
by an arrow in the bottom-right corner. It can be seen that the effect of internal 
dust-extinction in galaxies at the quasar redshift is to predominately increase the 
I - K colour, and appears necessary to explain some of the more extreme red outlier 
galaxies with I - K 5. 
The sources classified as stars by morphology and colour are shown as blue star-
symbols. For comparison the model stellar track of Baraffe et al. (1998) is shown 
as a blue dotted-line. The models are for low-mass main sequence stars with solar-
metallicity and an age of 5 Gyr. It is apparent that there is a good separation 
between the colours of stars and galaxies, with stars having much bluer optical-
near-infrared colours than galaxies for a given V - I colour, and so by selecting by 
both colour and morphology, stars and galaxies can be efficiently classified, as has 
been done here. Most of these stars are likely to be red dwarfs, given that the colour 
of a 5 Gyr old, 0.20 M® main sequence star is V - I = 2.41, and also the stars' faint 
apparent magnitudes (V >1  20). 
5.5 Photometric Redshift Estimation 
Photometric redshift estimation, is the estimation of the redshift of a galaxy from 
colours obtained through multi-band photometry. The concept has been around for 
some considerable time; Baum (1962) originally applied it to measuring the redshifts 
of elliptical galaxies in distant clusters. However, the technique was not developed 
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until the nineties, when interest in the method increased with the advent of large-
and deep-field surveys, and in particular the Hubble Deep Fields, where the galaxies 
are too faint to obtain spectroscopic redshifts. 
There are two basic approaches to photometric redshift estimation: the empirical 
training set method; and the fitting of the observed spectral energy distribution 
(SED) by synthetic template spectra. The first approach uses a subsample of objects, 
with both photometry and measured spectroscopic redshifts, as a training set to 
estimate the remainder of the objects, for which only the photometry is known. 
This method can produce excellent results, and has the advantage of not making 
any assumptions concerning galaxy spectra or evolution, but is highly dependent 
on the quality of the sample used. This is particularly a problem at z Z 1 where 
only a few of the brightest galaxies have been observed spectroscopically, resulting 
in samples dominated by massive ellipticals. 
The alternative approach takes a set of reference spectra which are allowed to 
evolve with redshift, before being multiplied by the filter set used, and the resultant 
colours compared with those of the observed galaxies. The photometric redshift of 
a given object then corresponds to the redshift of the best-fitting template spectra. 
The usual source of reference spectra are synthetic stellar populations which are 
given some initial mass function (IMF) and are then allowed to evolve, producing 
template galaxies of varying ages, star-formation histories, metallicities, and levels 
of internal dust-extinction, from which model galaxy colours can be calculated. 
Given the large number of parameters involved, the key to obtaining accurate 
photometric redshift estimates is the ability to detect and identify strong spectral 
features, usually either the 4000 A break for evolved galaxies, or the Lyman break 
for star-forming galaxies (see Figure 3.2). Estimates based on observations with 
filter sets that straddle one of these spectral features at the redshift range of interest 
will produce the most robust and accurate measurements. Much of the controversy 
involving the use of photometric redshift estimates has been due to the use of filter 
sets that are inappropriate for the redshift range considered, resulting in degenerate 
solutions and catastrophic errors where follow-up spectroscopic observations have 
found the photometric redshift estimate to be completely inaccurate. Another pos-
sible cause of significant errors in the photometric redshift estimate of a source is 
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the insensitivity of the broad-band filters to emission-lines, particularly those due to 
AGN. However, by using four or five appropriate passbands which cover the 4000 A 
break at the redshift range of interest, it is possible to obtain results accurate to 
Liz 0.1 for all galaxy types, and even three passbands (as in this case) can con-
strain the redshifts and star-formation histories sufficiently to be of scientific value. 
To estimate the photometric redshifts of each galaxy from its VIK colours, and 
to produce the model colour tracks of Figure 5.2, the HYPERZ code of Bolzonella 
et al. (2000) has been used. It builds synthetic template galaxies using the Bruzual 
& Charlot evolutionary code (GISSEL98; Bruzual & Charlot, 1993). It has stel-
lar populations with eight star-formation histories roughly matching the observed 
properties of local galaxies from E to Im type: an instantaneous burst; a constant 
star-formation rate; and six exponentially-decaying star-formation rates with time-
scales, r, from 1 to 30 Cyr chosen to match the sequence of colours from E-S0 to Sd 
galaxies. The models assume solar metallicity and a Miller & Scab (1979) initial 
mass function with upper and lower mass-limits for star-formation of 125 Me and 
0.1 M® 
 respectively. Internal reddening is also considered through the Calzetti et al. 
(2000) model with Av allowed to vary between 0 and 0.5 mag. 
For each redshift interval, the HYPERZ code determines the photometric prop-
erties of galaxies as a function of age, star-formation history, and Av, and through 
a chi-squared minimisation process finds the best-fitting template at that redshift, 
which can then be converted to a probability that the galaxy is at that redshift. By 
repeating this for all redshift intervals, a redshift probability distribution, P(z), is 
produced, rather than a single best-fitting redshift estimate for a galaxy. This is a 
particularly important feature of the software, as given the limited colour informa-
tion available a wide range of redshifts may be compatible, as well as degenerate 
solutions, and so knowing the range of compatible redshifts is much more appropri-
ate than a single best-fitting value. 
The results of applying the HYPERZ photometric redshift estimation code to the 
VIK galaxy catalogue is shown in Table 5.4. 
ID The identification number given to the source by SEXTRACTOR. This is the 
same as for Table 5.3 and Figure 5.1. 
Kill 
Zbest The most probable redshift based on the source's photometry. 
zme The mean redshift estimate produced by weighting the probability redshift 
distribution, i.e. Zmcan = f z P(z) dz / f P(z) dz. 
P(zbest) The probability of the redshift estimate associated with the chi-squared 
value of the fit at ZbeSt. 
Galaxy Class The identification number of the star-formation history of the best-
fitting template galaxy. A value of 1 indicates the instantaneous burst model 
or single stellar population thought to represent the evolution of elliptical 
galaxies; values of 2-7 indicate exponentially-decaying star-formation rates 
with characteristic time-delays, r, of 1, 2, 3, 5, 15 and 30Cyr respectively 
used to model the evolution of E-SO through to Sd galaxies; and a value of 
8 indicates a template with a constant star-formation rate used to represent 
irregular galaxies. 
Galaxy Age (Gyr) The age of the best-fitting template galaxy in Gyr. 
Ay(best) The level of internal reddening for the best-fitting template galaxy. 
Zmin, max(99, 90, 68%) These six columns indicate the 99% (3 c), 90% (2 a) and 
68% (1 a) confidence levels for the redshift estimate. 
P(zqso) The probability of the redshift estimate associated with the chi-squared 
value of the fit at the redshift of the quasar. 
MV(ZQSO) The absolute magnitude of the source if placed at the quasar redshift, 
assuming an Q M = 0.3, QA = 0.7, H0 = 75 km s 1 MpC' cosmology. 
Comments Where given the comment indicates whether the source is either the 
quasar, indicated by 'QSO', or one of the early-type galaxies which make up 
the cluster red sequence. These are indicated by El—is in order of increasing 
K magnitude, and correspond to the sources of Table 5.5 and Figure 5.7. 
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Table 5.4: Photometric redshift estimates of galaxies in the K image based on their VIK colours. 
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Table 5.4 continued: Photometric redshift estimates of galaxies in the K image based on their 
VIK colours. Page 2 of 3. 
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Figure 5.3: Redshift probability distributions for four galaxies in the K image based on their 
VIK colours. The best fitting model is described by its redshift Zoest and star-formation history, 
which is either an instantaneous burst or an exponentially-decaying star-formation rate with time-
scale r. The vertical dashed-line indicates the redshift of the quasar. 
In Figures 5.3a—d the redshift probability distributions, P(z), are shown for four 
galaxies which are compatible with being at the quasar redshift, incompatible with 
being at z 0.8, and which represent the differing classes of galaxies discussed in 
the text below. For each of the galaxies, the best-fitting model is described by its 
redshift, Zbest, and star-formation history, which is either an instantaneous burst 
or an exponentially-decaying star-formation rate with time-scale T. The vertical 
dashed-line indicates the redshift of the quasar. 
Distributions (a) and (b) correspond to two red galaxies, IDs #15 and #196. 
rrhese are galaxies with colours close to those predicted for stellar populations formed 
in an instantaneous burst at zj = 3.5 and observed at z 1.2 (Figure 5.2). They 
also help make up the observed red sequences in both the V - K and I - K against IC 
colour-magnitude plots of Figure 5.4. The colours of both galaxies are best described 
by the zj = 3.5 burst model at z 1.2, and galaxy (a) in particular has a tight 
range of compatible redshifts, being constrained to 1.1 z 1.4. 
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Redshift probability distribution (c) corresponds to a 'red outlier' galaxy, ID 
#150. It has a similarly red I - K colour to galaxies (a) and (b), and it is this that 
constrains its redshift to z Z 1. Its optical V - I colour is much bluer, indicating more 
recent star-formation, and results in it being best fitted by a r = 1 Gyr exponentially-
decaying model. An examination of Figure 5.2 suggests that the combination of 
blue optical colour and extremely-red optical- near-infrared colour may be better 
explained by a two-component star-formation model in which a secondary burst 
of star-formation is added to a dominant old passively-evolving stellar population. 
However, given the limited colour information available the only conclusions that 
should be drawn are that the galaxy is at high-redshift, has a dominant old stellar 
population, and some recent star-formation. 
Redshift probability distribution (d) corresponds to a blue (V - I < 1) galaxy, 
ID #151. It is bluer in both V - I and I - K colours than galaxy (c), but has a 
similar redshift probability distribution. The difference in their colours appears due 
to an increased fraction of recent star-formation in galaxy (d) which is manifested 
by it being fitted best by a r = 5 Gyr model. 
It appears from an examination of Figures 5.3a—d that it is possible to identify 
galaxies at z Z 1 on the basis of their VIK colour information alone, irrespective 
of their star-formation history. Although insufficient to say definitively whether an 
individual galaxy is associated with the z = 1.226 quasar, it is possible to identify 
suitable candidates for follow-up spectroscopy in a manner relatively unbiased with 
respect to star-formation history. 
5.5.1 Red Sequence Galaxies 
There are 15-18 galaxies (hereafter labelled 'red') whose extremely-red colours 
(I - K > 3.75, V - I > 2.00) are consistent with being passively-evolving galaxies 
at z 1.2 (indicated by red squares in Figure 5.2). These red galaxies can be seen 
(as red squares again) in the V - K and I - K against K colour-magnitude dia-
grams of Figure 5.4 to form 'fingers' at V - K 6.9 and I - K 4.3, comparable 
in form to the red sequences observed in lower redshift clusters, and in colour to 
other clusters at the same redshift. The z 1.2 clusters of Dickinson (1995), Stan-
ford et al. (1997), and Rosati et al. (1999) are all observed to have red sequences 
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Figure 5.4: V - K against K and I - K against K colour-magnitude diagrams of galaxies in the 
2.25 x 2.25 arcmin 2 K image centred on the z = 1.226 LQG quasar. The solid symbols represent 
those galaxies detected in all three bands. The empty symbols represent those galaxies detected 
in I and K only. Galaxies whose colours are well described by the zj = 3.5 burst model at z = 1.2 
are indicated by red squares. The four galaxies whose redshift probability distributions are shown 
in Figure 5.3 are indicated by yellow diamonds. The green and blue dot-dashed-lines indicate the 
50% completeness levels for each filter in the centre of the image, with the magenta dotted-line 
indicating the completeness level in K for the edge of the image. 
at H - K 	 5.9, each with >1  4 members spectroscopically confirmed as being at 
the cluster redshift. The red sequence galaxy colours can be compared directly for 
the Rosati et al. (1999) cluster where I - K colour data exist, and the four spec-
troscopically confirmed red sequence members all have 4 c I - K < 4.4, in good 
agreement with the red sequence members observed here. The colours of these red 
sequence galaxies are well described by the passively-evolving monolithic-collapse 
models of elliptical galaxies, and both their spectra and morphologies (from HST 
data) are similar to present-day ellipticals (Dickinson, 1997). Red sequence galaxies 
are usually the most luminous cluster members, the massive ellipticals, and this also 
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appears to be the case here, with the 10 brightest galaxies with I - K > 3.75 also 
having V - K 6.9. Given that these are both the reddest and most luminous 
galaxies, these should provide the tightest redshift estimates, and Figure 5.3a shows 
that the third brightest of these galaxies (G3) has 1.2 S z f 1.4. 
The mean I - K colour of the red galaxies is 4.25 with an intrinsic dispersion of 
0.15 mag, and is best fit by a 2 Gyr old burst with a corresponding age dispersion of 
400 Myr. The colour distribution seen in the red sequence is comparable to that seen 
in the cluster of Tanaka et al. (2000) (0.22 mag in R - K), but is larger than that 
seen in the cluster associated with the radio galaxy 3C 324 at z = 1.206 (Dickinson, 
1995) which has an rms scatter of 0.07 mag in R - K, suggesting that this cluster 
is less dynamically evolved than that of Dickinson (1995). 
5.5.2 Red Outlier Galaxies 
Only half of the excess of I - K > 3.75 galaxies is accounted for by the red so-
quence members, and comparable numbers (15-20) of K>1  19 galaxies are observed 
(hereafter labelled 'red outliers') with both I—K > 3.75 and V—I <2.00. They ap-
pear to fit neither the passively-evolving nor exponentially-decaying star-formation 
galaxy models (Figure 5.2), but are better described by a two-component model in 
which a secondary burst of recent star-formation is added to a dominant old stellar 
population. 
Galaxies with similar colours and magnitudes have been observed in other clus-
ters at z 1.2 (e.g. Tanaka et al., 2000; Kajisawa & Yamada, 1999; Kajisawa 
et al., 2000). They have also been observed at 20 < K,C 22  in deep optical- near-
infrared surveys (e.g. Moustakas et al., 1997), and appear common (several per 
square arcminute) at these fainter magnitudes. Much of the discussion (see e.g. 
Moustakas et al., 1997) of these objects has been limited to speculation due to 
lack of spectroscopic observations, but a widely held view is that they are probably 
high-redshift objects (1 1< z <1  2) which are undergoing significant star-formation and 
whose extremely-red I - K colours are caused by a combination of dust and dom-
inant old stellar populations. There is also some spectroscopic evidence that some 
z 1.2 cluster ellipticals are undergoing star-formation, such as On emission-lines 
seen in object #4  of Rosati et al. (1999) and object #237 of Stanford et al. (1997), 
- 
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both of which appear bluer in optical colours than the other red sequence galax-
ies in the clusters. Some extreme members of this population have been observed 
with I - K > 6 (e.g. Hu & Ridgway, 1994), and one has since been spectroscop-
ically confirmed as an ultra-luminous infrared galaxy at z = 1.44 with significant 
ongoing star-formation that is heavily obscured by dust (Graham & Dey, 1996; Dey 
et al., 1999). Given that both star-formation and dust are likely to have affected the 
colours of these 'red outliers' significantly, it is not possible to constrain the galaxy 
redshifts beyond z Z 1 (Fig. 5.3c), but their prevalence in the vicinity of other high-
redshift clusters, and the relative rarity of field I - K > 3.75 galaxies, suggests that 
many are associated with the cluster. 
5.6 Spatial Distribution of Galaxies 
The spatial distribution of galaxies detected in the K image, is shown in Figure 5.5 
with the z = 1.226 quasar indicated by the central green triangle. The solid red 
symbols indicate the locations of the members of the observed red sequence and 
which are likely to be massive ellipticals at the quasar redshift. The solid green and 
blue star symbols indicate the red outlier and blue (V - I < 1) galaxies respectively, 
whilst the open symbols indicate the remaining sources in the image that are likely 
to be low-redshift foreground galaxies. 
For comparison, the VIK three-colour image of the 2.25 >< 2.25 arcmin 2 field 
covered by the K-band data is shown in Figure 5.6. The red sequence members are 
apparent as orange-red sources concentrated towards the top-centre and bottom-
right of the image. The quasar is apparent as the central, bright, blue-white, point-
like source. The red structures apparent in each corner, and along the edges of the 
field, are due to the relative exposure levels produced by the 9-point jitter pattern. 
The band of enhanced star-formation discussed later is apparent in the form of a 
concentration of blue-violet sources across the centre of the image. 
5.6.1 Red Sequence Galaxies 
The red galaxies appear to be distributed across the K image (the field corresponds 
to 1.75 x 1.75h 2 Mpc2 at z = 1.226) with no concentration towards the quasar. 
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Figure 5.5: Spatial distribution of galaxies in the field of the z = 1.226 LQG quasar. The 
different symbols indicate the galaxies' colours, with circles (squares) indicating those galaxies 
detected (not detected) in I. Solid red symbols indicate the red (I - K > 3.75, V - I > 2.00) 
galaxies which could be early-type galaxies at the quasar redshift. Solid green symbols indicate 
the red outlier (I - K > 3.75, V - I < 2.00) galaxies which are likely to be high-redshift galaxies 
with some recent star-formation. The blue star-symbols indicate the blue (V - I < 1.00) galaxies 
which are probably undergoing significant star-formation. The size of the symbols (except stars) 
indicates the 'totaI  magnitude. 
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Figure 5.6: False-colour image produced from the combination of the V (blue component), I 
(green) and K (red) images. The z = 1.226 quasar is apparent as the blue-white point-like source 
in the centre of the image. The red galaxies likely to be massive ellipticals at the quasar redshift 
can be seen as orange-red sources, and are concentrated towards the top-centre and bottom-right 
of the image. The band of enhanced star-formation is apparent in the form of a concentration of 
blue-violet sources across the centre of the image. 
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However, the ten most luminous red galaxies (which, as indicated earlier, are prob-
ably massive ellipticals at the quasar redshift) are concentrated in two compact 
groups, one towards the top-centre of the image (along with a number of fainter 
members), and the other in the south-eastern corner. This suggests that the galaxy 
excesses and red sequences could be due to two clusters at similar redshifts. 
Assuming that the brightest of the red galaxies, Gi, is a quiescent galaxy at 
the quasar redshift, then it has L 14Lk,  and is more luminous in K, by almost a 
magnitude, than any of the galaxies from other z 1.2 clusters (Dickinson, 1995; 
Stanford et al., 1997; Rosati et al., 1999). It is also a radio emitter, being the 
only source in the K image detectd by the VLA FIRST 20cm survey, having an 
integrated flux of 2.63 ± 0.15mJy, which suggests that it has an active nucleus. It 
is common for the brightest cluster galaxy (which is what this is assumed to be) 
to be also a radio source, although it is not as spectacular an example as 3C 324 
which is at a similar redshift, but is 1000 times more luminous in the radio. If this 
galaxy is comparable to 3C 324 then it may also display narrow-line emission, in 
particular Oii and Mgii, and this may explain why it appears bluer than the other 
red sequence galaxies, as the emission-lines boost the optical flux. The brightest 
cluster galaxy is usually located near the cluster centre, and it appears to be the 
case here too if Figures 5.5 and 5.8 are compared. 
To examine the significance of any substructure for the red galaxies the non-
parametric cluster analysis method of Pisani (1993, 1996) and described in Chapter 
3 is applied. The probability density estimate of red galaxies, fak(X) is determined 
using the cross-validation method to estimate the mean kernel width, o, and is 
shown in Figure 5.7 with the two density peaks, labelled A and B, assumed to mark 
the two cluster centres. 
Having produced the probability density estimate, each galaxy is assigned mem-
bership to one of the clusters by following a path from the original position x i along 
the maximum gradient of fak(X) until it reaches the local maximum A or B. The 
contribution to the local density from each cluster, fA(x), fB( 33 ), is then taken to 
be the sum of the kernels for galaxies assigned to that cluster. 
The expected background contamination from red field galaxies, fo (z), is un-
known, and so it has been estimated to be half that of the I—K > 3.75 field galaxies 
220 
ID 'tt A/B P(i E 0) P(i E A) P(i 
€ 
B) 
1 15.75 A 0.0827 0.9075 0.0098 
2 16.97 A 0.0324 0.9259 0.0417 
3 17.05 A 0.0259 0.9626 0.0115 
4 17.24 B 0.0562 0.1172 0.8266 
5 17.52 A 0.0391 0.9468 0.0142 
6 17.52 B 0.0438 0.0128 0.9434 
7 17.60 B 0.0319 0.0159 0.9522 
8 18.01 B 0.0306 0.0164 0.9529 
9 18.09 B 0.0357 0.0298 0.9345 
10 18.12 A 0.0583 0.6754 0.2663 
11 18.35 A 0.0188 0.9582 0.0230 
12 18.50 A 0.6440 0.2716 0.0844 
13 18.59 A 0.0200 0.9595 0.0205 
14 18.95 A 0.0191 0.9641 0.0167 
15 18.97 B 0.0732 0.2129 0.7139 
16 19.09 B 0.1860 0.2110 0.6030 
17 19.24 A 0.2852 0.3465 0.3683 
18 19.35 B 0.2512 0.1011 0.6477 	 - 
Table 5.5: Results from the cluster membership analysis of the red galaxies. Column A/B 
indicates whether a galaxy was assigned to cluster A or B, and the last three columns show the 
probabilities that a galaxy is isolated or a member of cluster A or B. 
or 0.5 galaxies per square arcminute, as about half the I - K> 3.75 galaxies are also 
classified as red (I - K > 3.75, V - I > 2.00). The probability that each galaxy is 
isolated, and hence due to the background component, is just the contribution of 
the background density as a fraction of the local density P(i E 0) = fo/f ak(Xi). The 
probability that galaxy i is a member of cluster A is then the fractional contribu-
tion of cluster A to the local density, after considering the background contribu-
tion P(i E A) = (1 - P(i E 0))fA(x)1fk(r),  and for each of the red galaxies these 
probabilities are shown in Table 5.5. Looking at this table and Figure 5.7 it ap-
pears that the two clusters are well defined, with 11 out of the brightest 14 galaxies 
having probabilities greater than 0.90 of having been assigned correctly to cluster 
A or B. Only galaxies #4  and #10 have significant doubt over cluster assignment, 
and #12 appears to be isolated, whilst the four faintest red galaxies show no clear 
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Figure 5.7: Estimated density distribution of the red galaxies in the field of the z = 1.226 
LQG quasar. The first contour corresponds to a density of 1 galaxy per square arcminute, and 
the separation of successive contours is also 1 galaxy per square arcminute. The quasar and red 
galaxies are marked as in Figure 5.5, and the labels correspond to the galaxy IDs of Table 5.5, 
which are numbered in order of increasing K magnitude. 
membership of either cluster, and may be only part of the combined structure. 
As a second estimate of the significance of the substructure, the null hypothesis 
that the galaxies are all members of a single cluster is examined, using the likelihood 
ratio test statistic (LRTS) described in Chapter 3 (Ashman et al., 1994; Kriessler & 
Beers, 1997) which evaluates the improvement in fitting the data of a two-component 
model over a single elliptical Gaussian probability density function. The best-fit 
single elliptical Gaussian fw(x) to the data is found, and this unimodal probability 
density function is used to create 10000 bootstrap catalogues of 18 galaxies each. 
The adaptive kernel estimator is applied to each bootstrap catalogue in the same 
way as the original data, and for those catalogues where bimodahity is observed, the 
risi 
MDTIM 
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best-fitting double elliptical Gaussian model is determined. The measure of the fit 
by the g-component model is evaluated through the likelihood value 
N / 9 
	
\ 1-P(IEO) 
Lc(g) = II (E f(g;p)(Xi))  
The evaluation of the improvement in going from a single- to a double-Gaussian 
fit is then given by the LRTS A = 
—21n{Lc(2)/Lc(1)}. The significance of the 
substructure observed is estimated by the probability that a null hypothesis boot-
strap catalogue produces a value of A greater than the observed value. For the 
observed distribution, using 10000 bootstrap catalogues, the substructure is found 
to be marginally inconsistent with the null hypothesis at the 8.88% significance level. 
The low level of significance is due to the small number of galaxies involved, as many 
of the more significant substructures among the bootstrap catalogues were due to 
just three or four points that were within a few arcsec of one another. 
5.6.2 Clustering across Large-Scales 
As both groups are located near the edges of the K image, and so may suffer from 
truncation, the full extent of clustering associated with the quasar is estimated by 
considering the distribution of galaxies in the BTC V and I images. As discussed 
in Chapter 4 and as shown by Figure 5.2, any passively-evolving galaxy associated 
with the cluster should be amongst the reddest galaxies in V - I, and so by se-
lecting these red galaxies, the density contrast due to any clustering at z 1.2 
should be maximised. In Chapter 4, high-redshift passively-evolving galaxies were 
identified by being redder than the cluster red sequence at z = 0.5, resulting in a 
high-redshift slice in the colour-magnitude diagram. Figure 5.8 shows the surface 
density of galaxies belonging to this high-redshift slice for a 6.8 x 5.7 arcmin 2 (corre-
sponding to 5.3 x 4.3h'Mpc at the quasar redshift) field containing the z = 1.226 
quasar, which is estimated as in Chapter 4 using the adaptive kernel estimator with 
a = 350 hkpc. The field is the same as that for Figures 4.16 and 4.17, and the 
density map shown here is exactly the same as that of Figure 4.17. The contours 
increase logarithmically with separation with the red contour set to 2 galaxies 
per arcmin 2 , which is approximately the mean density across the whole BTC field. 
The area covered by K imaging is indicated by the black box. The two density 
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Figure 5.8: Contour plot of the estimated density distribution of galaxies redder than the z = 0.5 
cluster red sequence (including all C-M relation members) in a 6.8 x 5.7 arcmin 2 (corresponding 
to 5.3 x 4.3h 2 Mpc 2 at z = 1.226) field around the quasar. The contours increase logarithmically 
with separation fl, with the red contour set to 2 galaxies per arcmin 2 . The quasar is marked as 
previously, and the box centred on the quasar corresponds to the field of the K image. 
maxima identified in the previous section as clusters A and B are indicated in red, 
and the density maxima identified in Chapter 4 are indicated in green. 
It is clear from this figure that the clustering extends well beyond the K image. 
Cluster A now appears to be centred on the northern edge of the K image and 
corresponds to density maximum #60 of the previous chapter. Cluster B appears 
part of an elongated, filamentary structure which extends 2-3 arcmin to the north-
east that was identified in the previous chapter as density maximum #64. Two 
further groups (identified in the previous chapter as density maxima #53  and  #57 ), 
each of 6-10 optically-red galaxies, are apparent 3 arcmin south of the quasar and 
1.5arcmin apart. The significance of the substructure formed by clusters A and B 
appears to be much higher now, as the density peaks are moved further apart. A 
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re-examination of the null hypothesis, after including the red galaxies outside the 
K image, finds the substructure to be inconsistent with the null hypothesis at the 
1.86% significance level. The increase in significance suggests that the clusters were 
truncated by the boundaries of the K image, but the increase is also partly due to 
the larger galaxy sample. 
As stated in the previous chapter, the total excess of galaxies belonging to the 
high-redshift slice within Sarcmin (corresponding to 3.9h'Mpc at the quasar red-
shift) is 100-150. Given that an L galaxy at z = 1.226 has I 23.5, the total 
luminosity of the structure can be estimated as 100-150L, which for an average 
cluster mass-to-luminosity ratio of M/L 300hM ® /L ® , corresponds to a conser-
vative mass estimate of M, >1  3-4.5 x 1014 M®, suggesting that the overall cluster 
mass is comparable to that of the Coma cluster with Mc oma c 6 x 1014 M®. 
5.6.3 Blue Galaxies 
To compare this quasar field with the results of Hutchings et al. (1995) the distri-
bution of blue (V - I .c 1) galaxies for I < 25 (indicated by star-symbols in Fig-
ure 5.5) has also been examined. A concentration of blue galaxies within 30 arcsec 
(290 hkpc) of the quasar is observed, which appears to be extended towards the 
north-east, forming a 'band' that bisects the two groups of red galaxies. The band 
presumably corresponds to a region of enhanced star-formation. Few, however, are 
found near the centres of either group of red galaxies. In comparison with adjacent 
fields (over a 7 x 7arcmin 2 region) in the optical images no excess of blue galaxies 
is found. In fact 51 are observed whereas 60 would be expected, suggesting that the 
avoidance of the two red groups by the blue galaxies is at least as significant as the 
bisecting 'band'. 
To examine the relative spatial distribution of red and blue galaxies, the angular 
cross-correlation function, wrb(0) = Nrb(0)/NrR - 1, is determined (see Figure 5.9), 
where Nro(0) is the number of red-blue galaxy pairs with separation 9, and N,.R(0) 
is the expected number of pairs with one member from the red catalogue and the 
other from one of 10000 randomly distributed catalogues. 
At small separations (9 c 20 arcsec) the red and blue galaxies are strongly anti-
correlated at the 3 c level, confirming the apparent avoidance of the red groups by 
225 
0.6 
0.4 
0.2 
0 
—0.2 
—0.4 
—0.6 
 
Separation (aresec) 
Figure 5.9: The angular cross-correlation, w ro(S), between red (V - I > 2.00, I - K > 3.75) and 
blue (V - I < 1.00) galaxies in the field covered by the K image. Poisson count errors are assumed 
with variance NrR(0). 
the blue galaxies in Figure 5.5. In contrast, for 20 < 0 < 60 arcsec, there is a 
correlation at the 3a level between red and blue galaxies, which is due to the 'band' 
of blue galaxies that bisects the two groups of red galaxies. 
The blue galaxies do not contribute to the excess of galaxies observed at K < 19, 
as only 9 of 51 are detected in K, the brightest having K = 18.87. These nine all 
have the red I - K colours indicative of z Z 1 galaxies (e.g. Figure 5.3d), of which 
six help make up the concentration 30 arcsec from the quasar, which suggests that 
this at least is real. However, given that the V - f colour is affected much more by 
recent star-formation than redshift, nothing can be said about the likely redshift of 
the remaining blue galaxies. 
5.7 The Immediate Environment of the Quasar 
Figure 5.10 shows the immediate environment of the z = 1.226 quasar. The V 
(left), I (centre) and K (right) images are of size 30 x 30arcsec 2 , corresponding to 
390 x 390 h 2 kpc2 at the quasar redshift. 
The immediate environment of the quasar appears congested, with five galaxies 
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Figure 5.10: The immediate environment of the z = 1.226 LQG quasar. The V (left), I (centre) 
and K (right) images are of size 30 x 30arcsec 2 , corresponding to 390 x 390h 2 kpc 2 at the quasar 
redshift. 
within larcsec (corresponding to an angular diameter distance of4Oh'kpc) appar-
ent in the I image. The brightest of these in the K image is 5 arcsec to the north 
of the quasar (labelled C3 in Figure 5.5 and ElO in Tables 5.3 and 5.4), and is a 
member of the cluster red sequences apparent in the colour-magnitude diagrams of 
Figure 5.4, with K t , t = 18.12, I - K = 4.30 and V - K = 6.32. It is thus likely 
to be a passively-evolving massive elliptical galaxy at the quasar redshift, having 
Mv = —22.36, and its proximity to the quasar confirms that the clustering of the 
red sequence galaxies is almost certainly associated with the quasar. 
There are two more galaxies (labelled Cl and C2 in Figure 5.5) apparent in the 
K image that are even closer to the quasar, being located only 3 arcsec (17.4 h' kpc) 
to the north-east and south-west of the quasar. Given their proximity to the quasar, 
they may well be companion galaxies that have recently interacted with the quasar 
host. They have K t. t = 19.09 (Cl) and K t. t = 20.04 (C2), and appear bluer than 
the red sequence galaxy C3 in the false-colour image of Figure 5.6, possibly the 
result of a recent episode of star-formation caused by the interaction process. 
Compact companions are found for a significant fraction ( 40%) of quasars 
(e.g. Bahcall et al., 1997a) and spectroscopic observations confirm that many have 
stellar populations and redshifts within SOOkmr' of the quasar (e.g. Stockton, 
1982; Canalizo & Stockton, 1997). It has been suggested (e.g. Stockton, 1982; Bekki, 
1999) that these companion objects are tidally-stripped cores from galaxies that have 
recently interacted with the quasar host galaxies, and that this interaction provides 
an efficient fuelling mechanism for quasar activities. Spectroscopic analysis of the 
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companion to quasar PC 1700+518 (Canalizo & Stockton, 1997) finds evidence for 
both a starburst event that occurred roughly 100 Myr ago (and so could be coincident 
with the quasar activation), and a relatively old stellar population likely to be from 
the merger progenitor disk. 
There are also a number of blue (V 
- I < 1) galaxies apparent in Figure 5.10 
that are likely to be undergoing significant star-formafion, and may be part of the 
band of star-formation apparent between the two clusters. The galaxies are apparent 
as sources, in the top-left corner, the bottom-left corner, and just to the right of 
the quasar, that are much brighter in the V image than the I image, and are not 
apparent in the K image. 
5.8 Discussion and Conclusions 
A 3.5 a excess of K < 19 galaxies is found in the 2.25 x 2.25 arcmin 2 field around the 
z = 1.226 radio-quiet quasar 104420.8+055739 from the Clowes-Campusano LQC. 
The excess is due entirely to a factor 11 overdensity of red (I-. K > 3.75) galaxies, 
which must have z >1  0.8 to explain their colour. In particular, cluster red sequences 
of 15-18 galaxies are found, in the I - K and V - K against K colour-magnitude 
diagrams at I - K 4.3, V - K 6.9, comparable in both colour and magnitudes 
to red sequences observed for other z 1.2 clusters. These red sequences suggest 
a population of massive ellipticals at the quasar redshift. In the area of the K 
image tentative evidence of substructure amongst these galaxies is found, with two 
groups apparent 40 arcsec to the north and 60 arcsec to the south-east of the quasar. 
An examination of the optical images over a 6.8 x 5.7arcmin 2 area indicates that 
this substructure is significant at the 2% level, and that the clustering extends well 
beyond the K image, forming a large-scale structure 2-3 h' Mpc across. The overall 
structure is suggestive of being the early stages of formation of a cluster through 
the progressive coalescence of subclusters. 
Only half of the excess of I - K > 3.75 galaxies is accounted for by the red se-
quence members, and comparable numbers (15-20) of 'red outlier' galaxies with both 
I - K> 3.75 and V - I <2.00 are found, which appear to fit neither the passively-
evolving nor exponentially-decaying star-formation rate galaxy models (Figure 5.2). 
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Although it is only possible to say that they are likely to be dusty star-forming 
galaxies at 1 z 2, given that such galaxies are found around other z 1.2 clus-
ters (e.g. Tanaka et al., 2000; Kajisawa & Yamada, 1999; Kajisawa et al., 2000), and 
given their comparative rarity in field regions, it seems reasonable to assume that 
they are associated with the cluster. This would suggest that the Butcher-Oemler 
effect observed in intermediate-redshift (z 0.4) clusters (Butcher & Oemler, 1978, 
1984) increases in strength to higher redshifts, with Z 50% of likely cluster members 
exhibiting the blue colours of recent star-formation. 
A concentration of blue (V - I c 1) galaxies is also found within 30arcsec 
(130 h'kpc) of the quasar, with many having the red I - K colours of z >1  1 galax-
ies, which suggests that the quasar lies in a region of enhanced star-formation, in 
agreement with the results of Hutchings et al. (1995). This concentration appears 
extended in such a way as to separate the two groups of red galaxies, and it is also 
notable how the blue galaxies appear to avoid the centres of red galaxy clustering. 
Some foreground contamination of the blue galaxies is likely, but given that such 
concentrations appear common around LQC quasars at this redshift, and the highly 
significant spatial interrelation between the blue and red galaxies, then one can 
be reasonably confident that this concentration is real, and is associated with the 
quasar. However spectroscopic observations of these and the other cluster candidates 
will be required to confirm cluster membership, and to provide more quantitative 
information about their star-formation histories, such as their approximate ages and 
current star-formation rates. 
Recent studies of intermediate- and high-redshift clusters to examine the Butcher-
Oemler effect have observed this morphological segregation of red and blue galaxies. 
Ellingson et al. (2001) and Balogh et al. (1999) examine the fraction of red and blue 
galaxies as a function of clustercentric radius for clusters from the CNOC1 sample 
of rich X-ray luminous clusters at 0.18 < z C 0.55. They observe that whereas 
the cluster cores (within 250 h'kpc) are dominated by early-type galaxies which 
make up Z 80% of the population, as the clustercentric radius is increased, so does 
the fraction of blue galaxies, making up 50% of the population at 1 h'Mpc, and 
70-80% of the population at 2h'Mpc. They find star-formation rates signifi-
cantly diminished in the cluster cores, and find no evidence for an excess of star- 
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formation above field levels at any clustercentric radius. Their results imply that the 
cluster environments are not responsible for inducing starbursts, and indeed inhibit 
star-formation, and that the infall of galaxies into the cluster produces a gradual 
truncation of star-formation by ram-pressure from the intra-cluster medium. 
This suggests that the blue band is made up of galaxies on the edges of the two 
clusters whose star-formation has not yet been inhibited by the cluster environment. 
This would mean that the band is not an area of excess star-formation, but of average 
star-formation that only appears blue in contrast to the diminished star-formation 
found in the centres of the two clusters. This is supported by the observations of 
Ellingson et al. (2001) and Balogh et al. (1999) described above, and also by the lack 
of an overall excess of blue galaxies over the whole 2.25 x 2.25 arcmin 2 field covered 
by the K imaging. 
5.8.1 A Possible Cluster Merging Event 
The relative distribution of red and blue galaxies can also be explained as the early 
stages of merger of the two clusters of red galaxies, which has triggered both the band 
of enhanced star-formation and possibly the quasar itself. A comparable distribution 
has been observed for the Coma cluster (Caldwell et al., 1993) with a band of post-
starburst or 'E+A' galaxies located between the Coma cluster centre and a secondary 
X-ray peak. Dynamical studies (Burns et al., 1994) indicated that these galaxies 
had passed through the centre of the Coma cluster about 2 Gyr ago, coincident 
with the epoch of starbursting predicted from the spectra of the jost-starburst 
galaxies. Unusually high blue galaxy fractions have been observed for a number of 
low-redshift clusters with bimodal X-ray surface brightness profiles (Metevier et al., 
2000), implying that cluster mergers can induce starbursts simultaneously in a large 
fraction of cluster galaxies, and they could be a major contributor to the Butcher-
Oemler effect. Several mechanisms have been suggested that could cause firstly 
the triggering and then the termination of a secondary burst of star-formation in a 
galaxy, as a subcluster passes through a cluster. These include ram-pressure from 
the intra-cluster medium (Evrard, 1991), shocks due to collisions between the two 
intra-cluster media (Roettiger et al., 1996), and the effect of close galaxy encounters 
(Moore et al., 1996). As the 'band' of blue galaxies is likely to be undergoing or has 
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recently undergone star-formation, and because the two groups are relatively close 
together, this would suggest that this system is being observed at an earlier epoch 
of the cluster merger process than that of Caldwell et al. (1993), either just before 
or just after core passage, and that the star-formation has been triggered by the 
interaction of galaxies with the shock fronts produced by the collision of the two 
intra-cluster media (see Roettiger et al., 1996). 
Cluster merging events are predicted to be relatively common at high redshifts 
(z Z 1) in hierarchical clustering models (e.g. Press & Schechter, 1974; Bahcall et al., 
1997b; Percival & Miller, 1999). Examples of possible merging clusters at high 
redshifts are the CL0023+00423 groups at z = 0.8274 and 0.8452 which, according 
to a dynamical study, have a 20% chance of merging (Lubin et al., 1998), and the 
Rosati et al. (1999) and Stanford et al. (1997) clusters which are separated by only 
2.5 Ir'Mpc. Of the four candidate high-redshift clusters in the BTC field, three show 
indications of significant substructure: the galaxy clustering around the z = 1.226 
quasar described in this chapter; the galaxy clustering near the z = 1.426 quasar 
(Figure 4.10); and the galaxy clustering marked by density maxima #70 and #71 
(Figure 4.7). 
5.8.2 Comparison with Other Work 
As discussed in the previous chapter, Sanchez & Conzález-Serrano (1999) find ev-
idence for associated galaxy clustering for a sample of seven radio-loud quasars at 
1.0 .c z < 1.6, but that the quasars are in general not located at the peaks of the 
density distribution, but are found on the cluster peripheries, at a projected distance 
of 40-100 arcsec from the cluster centres, just as the z = 1.226 LQC quasar appears 
to be located 40 and 60 arcsec from two clusters. This observation of an apparent 
avoidance of the high-density regions of the cluster cores by quasars, despite cluster 
cores being generally dominated by the massive elliptical galaxies that typically host 
the quasars, is understandable in terms of either quasar triggering mechanism as dis-
cussed in the previous chapter. The shock-heated virialised gas that fills the cluster 
centres inhibits quasar activation through the formation of galaxies (Haehnelt & 
Rees, 1993); galaxies in the cluster centres have previously lost most or all of their 
gas, by having had it stripped of by ram-pressure from the intra-cluster medium or 
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by tidal forces from close encounters with other galaxies, or by consuming the gas 
in a starburst during its first infall into the cluster; and the encounter velocities of 
galaxies in the cluster centres are too great to allow the galaxies to merge (Aarseth 
& Fall, 1980) and trigger a quasar through that mechanism. 
In a comparable study of the galaxy environment of the radio-loud z = 1.086 
quasar 1335.8+2834 from the z 1.1 Crampton et al. (1989) LJQC, Tanaka et al. 
(2000) obtain results which have several similarities to those described here. This 
quasar had been part of the Hutchings et al. (1995) study, and was known to lie in 
a band of blue and emission-line galaxies. Using deep B, I and K observations, a 
number of extremely-red objects with the colours of passively-evolving galaxies at 
the quasar redshift were found, forming a cluster which lies to one side of both the 
quasar and the band of blue and emission-line galaxies. They also find a similar 
population of 'red outliers' and estimate the blue galaxy fraction as 60-80%. They 
also find an indication that this cluster is part of a larger structure with groupings of 
optically-red (B - I > 1.3) galaxies, similar to the clustering near the quasar, found 
across the 8 x 8 arcmin 2 (4.7 x 4.7 h 2 Mpc2 at z = 1.086) B, I optical images. 
5.8.3 Interpretation - Mechanisms for Quasar Formation 
As several of the Hutchings et al. (1995) quasars were found in regions of enhanced 
star-formation, and as both the quasar of Tanaka et al. (2000) and this chapter are 
located in 'bands' of enhanced star-formation, a causal link between the quasar and 
star-formation is proposed, whereby both are triggered by the same mechanism: the 
interaction between the galaxy and the intra-cluster medium. 
If a galaxy can be disrupted sufficiently by its passage through the intra-cluster 
medium to cause it to undergo starbursting, then if it also contains a supermassive 
black hole, enough gas may be channelled onto the nucleus to trigger a phase of 
quasar activity. Such a mechanism explains the finding of quasars in regions of 
enhanced star-formation more naturally than the galaxy merger model, as it allows 
many galaxies to be affected simultaneously, although there is good evidence that a 
significant fraction of quasars have been triggered by galaxy mergers. If there is a 
connection between the quasar and star-formation activation, then it is likely that 
these quasars are found preferentially in clusters with high blue galaxy fractions, 
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and that these are not representative of z 1.2 clusters as a whole. 
There is, however, significant evidence to suggest that this is not the quasar 
triggering mechanism in this specific case. Firstly, the immediate environment of the 
quasar is congested, with two companion galaxies within 3 arcsec of the quasar that 
may be the remnants of a recent interaction with the quasar host galaxy, indicating 
that the most likely trigger for the activation of the quasar is a galaxy merging 
event. Secondly, as discussed previously, the blue 'band' may not in fact be a region 
of enhanced star-formation, but merely a region of average levels of star-formation 
that would be expected for galaxies on the cluster peripheries before their first infall 
into the cluster, but that appears enhanced relative to the diminished levels of star-
formation in the cluster cores. 
This work and previous studies show that searching for sources with the optical-
near-infrared colours (I - K > 3.75) characteristic of quiescent galaxies at z >1  1 is 
an efficient means of locating z Z  1 clusters. By adding a second optical band it 
is then possible to obtain qualitative information on the star-formation history of 
these galaxies. Using this information along with the relative spatial distribution 
of quiescent and star-forming galaxies, a more complex picture arises in which the 
evolution of galaxies, quasars and clusters are all interrelated. 
5.9 Summary 
This chapter describes the results of K imaging of a 2.25 x 2.25 arcmin 2 field centred 
on the z = 1.226 radio-quiet quasar from the Clowes-Campusano LQG. From an 
examination of the optical data, this quasar appeared the most likely of the three 
LQG quasars in the BTC field to have associated galaxy clustering, being located 
within a region of clustering of optically-red galaxies extending over 5 arcmin. 
Photometric redshift estimates based on the VIK photometry allows the galaxy 
environment of the quasar to be examined by identifying those galaxies likely to 
be at z 1.2. Galaxies at these redshifts are distinguished by their extremely-red 
colours, with I - K> 3.75, and a factor 11 overdensity of such galaxies is found 
in the K image. In particular, 15-18 galaxies with colours consistent with being a 
population of passively-evolving massive ellipticals at the quasar redshift are found. 
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They form red sequences in the V - K against K and I - K against K colour-
magnitude plots at V - K 6.9, I - K 4.3 comparable to those observed in 
other z 1.2 clusters. There is suggestive evidence for substructure among the red 
sequence galaxies in the K image, in the form of two compact groups, 40 arcsec to 
the north, and 60arcsec to the south-east of the quasar. An examination of the 
wider optical images indicates that this substructure is significant, and that the 
clustering extends to form a large-scale structure 2-3 h' Mpc across. 
There is evidence for a high (Z 50%) fraction of blue galaxies in this system, 
in the form of 15-20 'red-outlier' galaxies with I - K > 3.75 and V - I < 2.00, 
indicating that they are probably dusty, star-forming galaxies at the quasar redshift. 
Within 30 arcsec of the quasar a concentration of blue (V - I < 1) galaxies is found, 
forming a band that bisects the two groups of red sequence galaxies. This band 
of blue galaxies is similar to those regions of enhanced star-formation apparent 
around many of the z 1.1 quasars of the Hutchings et al. (1993, 1995) studies, 
suggesting that this band also corresponds to a region of enhanced star-formation. 
However, no overall excess of blue galaxies is observed, and it may be that this band 
has star-formation levels typical of field galaxies before they are absorbed into the 
clusters and have their star-formation truncated by ram-pressure from the intra-
cluster medium. The observed distribution of galaxies in the K image is explained 
as the early-stages of a cluster merger, and the wider distribution is suggestive of 
the formation of a rich cluster from the progressive coalescence of subclusters. 
The quasar appears to have been activated as the result of a recent galaxy 
interaction. The immediate environment of the quasar is congested with five sources 
within 7 arcsec, one of which is a member of the cluster red sequence confirming 
that the galaxy clustering.is associated with the quasar. Two galaxies are found 
just 3arcsec (17.4h'kpc) from the quasar, and may well be companion galaxies 
that have recently interacted with the quasar host. They appear somewhat bluer 
than the galaxy from the cluster red sequence, and it is suggested that this is the 
result of a recent episode of star-formation caused by the interaction process. 
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Chapter 6 
The Galaxy Environment of the 
z = 1.306 LQG Quasar 
6.1 Introduction 
Having had the success of finding galaxy clustering associated with the z = 1.226 
LQG quasar through the addition of near ; infrared imaging, it was decided to obtain 
further K imaging to examine the galaxy environments of one of the remaining 
LQC quasars in the BTC field. As discussed previously, the addition of K-band 
photometry to the existing V and I data allows the identification of high-redshift 
galaxies irrespective of star-formation history, and also provides qualitative star-
formation histories, thus enabling a detailed examination of the quasar environment 
to be made. 
As described in Chapter 4, of the two remaining LQC quasars, the quasar at 
z = 1.306 appeared the most likely to have associated galaxy clustering. Although 
its immediate environment (within 1 h'Mpc) does not appear promising, as it lies 
in a low-density region of red galaxies, it is located just 165 arcsec from the most 
significant high-redshift cluster candidate in the BTC field, density maximum #21. 
Irrespective of whether the galaxy clustering marked by density maxima #21 is 
associated with the quasar or not, the cluster warrants further interest because of 
its richness and compact size. 
This chapter details the results and analysis of K-band imaging of two adjacent 
2.25 x 2.25 arcmin 2 UFTI fields, one containing the z = 1.306 LQG quasar, and the 
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other containing the galaxy clustering associated with density maximum #21. 
6.2 Observations 
K imaging was obtained for two 2.25 x 2.25 arcmin 2 field using the UKIRT Fast-
Track Imager (UFTI) camera on the 3.8-rn United Kingdom Infra-Red Telescope 
(UKIRT). The field containing the z = 1.306 was centred on 10h147m32.85, 
 +050 25'57" 
(J2000), and the field containing the cluster of red galaxies was centred on 10h47m249s, 
+050 24122" (J2000). The near-infrared observations took place on the nights of 
14/15 and 15/16 May, 2000, obtained as 3 hours of PATT allocated time as part of 
the UKIRT Service programme. The observations of the field containing the quasar 
were made on the first night, and the observations of field containing the cluster of 
red galaxies were made on the second night. 
The UFTI camera is a cooled 1-2.5pm instrument with a 1024 x 1024 HgCdTe ar-
ray. The plate scale is 0.091 arcsec per pixel, giving a field of view of 92 x 92 arcsec 2 . 
A standard 9-point jitter pattern was used, with each 1 minute exposure offset by 
20 arcsec relative to adjacent exposures. A dark frame was obtained during each 
night, and subtracted before self-flattening the set. In total 6 circuits of the jitter 
pattern were completed for each of the fields, resulting in total exposure times of 
54 minutes each. The exposures were registered by considering the relative position 
of a bright source apparent in each of the images. In the case of the quasar field, 
the quasar itself was used, and in the case of the field containing the red cluster, 
the galaxy labelled as source #1280 in Figure 6.2 was used. As a result the effect 
of any rotation between images was not considered, but this does not appear to 
have affected the results. Due to the jitter pattern used to flatten the images, the 
size of the field observed is increased to 2.25 x 2.25 arcmin 2 although the 20arcsec 
wide strips at the edges of the field have only one third of the exposure time. The 
separation of the two fields in the Right Ascension direction is 118 arcsec, and means 
that the fields overlap sufficiently so that the 20arcsec wide strip on the western 
side of the quasar field is also covered by the 20 arcsec wide strip on the eastern side 
of the field containing the cluster of red galaxies. Hence there is a contiguous field 
covering both the quasar and the clustering of red galaxies (allowing for the vertical 
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offset between the two fields) covered by at least two-thirds of the total 54 minute 
exposure time. 
The resulting K images each have FWHMs of 0.6 arcsec, a typical level of see-
ing for UKIRT data, but significantly better than the BTC images. To allow 
galaxy colours to be determined using a single fixed aperture, the K image was 
convolved to the same seeing as the I image (1.15 arcsec) using a Gaussian kernel 
of FWHM=0.86 arcsec (a = 4 pixels). 
The K images were then registered with the optical image through comparison 
of the positions of '-40 bright sources (K < 19) in the K and I images using the 
IRAF tools geornap and register, resulting in the simple linear transformations for 
the quasar field 
Xr eg = 3232.4092 - 0.2111109 )< Xp: - 0.0034030 X YK 	 (6.1) 
Yr eg = 2271.6090 - 0.0032148 x Xp + 0.2126044 x Yjç, 	 (6.2) 
and the field containing the cluster of red galaxies 
Xr eg = 2959.0412 - 0.2112882 >c 
	 0.0027995 )< YK 	 (6.3) 
Yreg = 2185.3242 - 0.0032065 )< X + 0.2124531 x YK, 	 (6.4) 
where (Xjc, YK) is the position of the source in the K image, and (X reg , Yreg ) is the 
corresponding position in the I image after registration. 
The photometric calibrations of the K images were obtained through observation 
of the same UKIRT faint standard fs20 as previously (G163-50 a = 1106m59 933 
6 = —05°09'26.1" (J2000)) which has K = 13.503 ± 0.010 (Hawarden et al., 2001). 
Five 40 second observations were obtained for the standard star at three separate 
points during the first night, and at one further point on the second night. Each 
of the five sets of observations was dark-subtracted, flattened and registered as for 
the target frames, and then combined, resulting in zero-points for the first night of 
25.833 ± 0.020, and 25.807 ± 0.023 for the second night. 
Object detection was carried out using SEXTRACTOR (Bertin & Arnouts, 1996) 
for objects with 150 ( FWHM 2 ) contiguous pixels over the 1.60' detection thresh-
old. As the K images had been previously convolved, a Gaussian filter was not 
used in the detection process. The total magnitudes were taken to be the MAG.. BEST 
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output from SEXTRACTOR, and colours were determined using fixed apertures of 
diameter 2.5 arcsec. The magnitude errors are determined in SEXTRACTOR by con-
sidering the rms noise levels in the image. However, in this case these levels have 
been artificially reduced by convolving the image before the source detection pro-
cess. Consequently, the noise levels are significantly lower than they should be, and 
so are recalculated for each source by assuming Poisson noise in the same manner 
as in the previous Chapter. 
Star-galaxy classification of each source was performed using a combination of 
morphology (using the stellarity classifier in SEXTRACTOR) and a comparison of 
V - I and I - K colours with model star and galaxy tracks. Stellarities of sources 
in both V and I images were obtained and the weighted mean used for classification 
as discussed in Chapter 2. Most of the sources classified as stars morphologically, 
also had colours that lay near the model star tracks, but a number of sources had 
the colours of blue galaxies, and were reclassified as such. 
Figure 6.1 shows the convolved K-band image of the 2.25 x 2.25 arcmin 2 field 
containing the z = 1.306 LQG quasar. Each source detected by SEXTRACTOR 
and visually verified is labelled by its identification code. The differing colours and 
symbols indicate the source's morphological classification and whether it is detected 
in the optical BTC images: yellow circles indicate that the source is classified as a 
galaxy and is detected in all three images (V, I and K); green circles indicate that 
the source is classified as a galaxy and is detected in the K and I images only; and 
blue circles indicate that the source is classified as stellar. 
Figure 6.2 shows the convolved K-band image of the 2.25 x 2.25 arcmin 2 field 
containing the cluster of red galaxies (apparent in the bottom-left of the figure). 
Each source detected and visually verified is labelled by its identification code, to 
which 1000 has been added to differentiate them from the sources in the quasar 
field. The differing colours and symbols indicate the morphological classification 
and optical detections for each source as for Figure 6.1. The area of overlap between 
the two fields is apparent towards the top-right of the figure with a > 10h147m283 
and & > +05°23'55", as the exposures from the field containing the quasar that 
overlap this field have been included in the figure: 
Completeness levels were determined for the K image in a similar manner as for 
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Figure 6.2: K-band image of the 2.25 x 2.25 arcmin 2 field containing the cluster of red galaxies 
(apparent in the bottom-left corner). Each source detected by SEXTRACTOR and visually verified 
is labelled by its identification code to which 1000 has been added to differential these sources from 
those of Figure 6.1. The differing colours and symbols indicate the morphological classification of 
the source, and whether it is detected in the optical OTO images: yellow circles indicate that the 
source is classified as a galaxy and is detected in all three images (V I and K); green circles 
indicate that the source is classified as a galaxy and is detected in the K and I images only; and 
blue circles indicate that the source is classified as stellar. 
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Filter Exposure Seeing Completeness 
Band time FWHM limits (mag) 
(subfield) (sec) (arcsec) 90% 	 50% 
K (centre) 3240 0.60 19.60 	 20.35 
K (edge) 1080 0.60 19.15 	 19.80 
1 6480 1.15 24.50 	 25.20 
V 8100 1.30 25.55 	 26.10 
Table 6.1: Photometric properties of the images, including exposure times and completeness 
levels. The V I figures are for the area covered by the K image, rather than for the whole BTC 
field. 
the optical BTC images, by dimming a bright galaxy (ID #58, K t 0t = 17.47) to a 
specified magnitude and adding 100 copies to the image at random positions, and the 
processing through SEXTRACTOR in the usual way. The 50% and 90% completeness 
levels are estimated as the magnitude for which 50 and 90 galaxies out of the 100 
are recovered. As the exposure levels vary considerably across the K image, two 
separate completeness levels were determined, one for the centre of the image where 
all 54 exposures are used, and one for the 20 arcsec wide strips at the edges of the 
image where only one third of the exposures are used. The resulting completeness 
levels are shown in Table 6.1 with in addition the corresponding completeness levels 
for the BTC V and I optical images for the same region. 
The fields are located in a region covered by only two out of every five I-band 
exposures, lying midway between the deep regions covered by CCDs #3  and  #4 . 
As a result, the total exposure time through the I filter is reduced to 6480s, and 
the magnitude limits are brighter by 0.2mag. The effective decrease in sensitivity 
by the loss of exposure time is partially offset by the fact that the z = 1.226 quasar 
was covered by the less efficient CCD #1. 
6.3 Results - Galaxy Counts 
In total 173 sources were detected in the two K images, all of which had counterparts 
in the I image, and 168 had counterparts in both V and I images. Each of these 
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Magnitude 
Observed 
Total 	 I - K 
QSO 	 Red QSO 
> 3.75 
Red 
Total 
Expected 
I - K > 3.75 
15<K<16 1 0 0 0 0.533 0 
16<K<17 1 1 0 1 2.186 0 
17<K<18 8 13 1 1 4.204 0.050 
18cK<19 10 20 1 2 11.36 1.939 
19<K<20 16 21 2 1 21.81 1.896 
Total 36 55 4 4 41 4 
Table 6.2: A comparison of total and extremely-red (I - K > 3.75) galaxy counts in the two K 
images, binned by magnitude, and those expected for the same-sized region in the field (Songaila 
eta]., 1994). The columns labelled "QSO" indicate the results for the field containing the z = 1.306 
quasar, and the columns labelled "red" indicate the results for the field containing the clustering 
of red galaxies. 
sources has been visually verified, as a number of sources in the K image only were 
spurious noise events towards the edges of the images and had to be removed. 22 of 
the 168 sources were classed as stars, leaving 151 galaxies in the combined field of 
total area 9.96 arcmin 2 . 
Table 6.2 shows the comparison of galaxy counts seen in the two K images, with 
those expected from a field region (Songaila et al., 1994). The columns labelled 
"QSO" indicate the results for the field containing the z = 1.306 quasar, and the 
columns labelled "red" indicate the results for the field containing the clustering of 
red galaxies. There are three sources found in both the "QSO" and "red" fields, 
and these have been counted twice. 
There is no excess of K-selected or I - K > 3.75 galaxies in the field containing 
the z = 1.306 quasar in comparison to that expected from the Hawaii K-band survey 
of Songaila et al. (1994). This appears to confirm the suspicion of Chapter 4 that 
the quasar is located in a low-density region indistinguishable from the field. 
For the field containing the cluster of red galaxies there is an excess of 14 K < 20 
galaxies over that expected for a field region, corresponding to a significance level of 
1.3 a (accounting for the effect on galaxy statistics of the two-point angular correla- 
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tion function for K selected galaxies as in the previous chapter). However there is 
no excess of I - K > 3.75 galaxies for the same field which, given that any cluster-
ing associated with the quasar should manifest itself as an excess of I - K > 3.75 
galaxies, indicates that the galaxy clustering must be at a significantly lower redshift 
than the quasar, presumably at 0.6 z <1  1.0 given that it was not identified by the 
cluster red sequence method at the low-redshifts examined in Chapter 3. 
6.4 Galaxy Colours 
The I - K versus V - I colour-colour diagram for sources in the K image is shown 
in Figure 6.3. Those galaxies whose colours are well described by the zj = 3.5 burst 
model at z 1.3 are shown as filled red squares, whilst those galaxies whose colours 
are well described by the same burst model, but at z c 0.8 are shown as filled yellow 
circles. Those whose colours are well described by galaxies at z 1.3 with some 
recent star formation are shown as filled green circles, and the remainder of sources 
classified as galaxies are shown as open circles. The four galaxies whose redshift 
probability distributions are shown in Figure 6.4 are indicated by superimposed, 
labelled yellow diamonds. 
For comparison, Figure 6.3 also has model tracks showing the colour evolution of 
different galaxy types. The model curves correspond to stellar populations formed in 
an instantaneous burst (solid red line), and stellar populations with exponentially-
decaying SFITs with time-scales (r) of 1 Cyr (dashed green line) and 5 Gyr (dot-
dashed magenta line), and are thought to approximate the colour evolution of mas-
sive elliptical and disk-dominated galaxies respectively. Lilly et al. (1998) showed 
that the colours of disk-dominated galaxies at z = 0.65-0.87 are broadly fitted by 
similar models with r = 5 Gyr. The formation epoch of each model is set to zj = 3.5, 
and each track shows the colour evolution from z = 1.5 to z = 0 with crosses at 0.1 
redshift intervals. The galaxy ages are determined for an 110 = 75 km s  MpC', 
Qm = 0.3, QA = 0.7 universe, but most reasonable cosmologies do not affect the 
tracks significantly at these redshifts. 
By using the effects of redshift and star-formation on the colour of galaxies, it is 
possible to select galaxies of a particular type and redshift through colour selection. 
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Figure 6.3: 1 - K against V - I colour-colour diagram of all galaxies in the K image. Those 
galaxies whose colours are well described by the zj = 3.5 burst model at z 1.3 are shown as filled 
red squares; those whose colours are well described by galaxies at z = 1.3 with some recent star 
formation are shown as filled green circles; those sources whose colours are well described by the 
burst model at z = 0.8 are shown as filled yellow circles; and the remainder of sources classified as 
galaxies are shown as open circles. Those sources classified as stars are shown as blue star symbols, 
and the model track for main sequence stars is shown as a dotted blue line. For comparison, model 
tracks are shown for an instantaneous burst at zj = 3.5 (solid red line), and exponentially-decaying 
star-formation rate models with time scales of 1 Gyr (dashed green line) and 5 Gyr (dot-dashed 
magenta line). The effect of adding a secondary burst of star-formation to the passively-evolving 
old component is shown by the solid blue curve. The effect of internal extinction at z = 1.306 at 
the level of A v = 1.0 is shown as an arrow in the bottom-right corner. 
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The I - K colours of the model tracks increase monotonically with redshift to 
z 1.3, and it is clear that I - K a, 4 is a good indicator of galaxies at z >1  1 with 
predominantly old stellar populations. As a result, those galaxies with I - K > 3.75 
(above the red dotted-line) are most likely to be at z 1.3 and so this selection 
criterion is used to identify galaxies that could be associated with the quasar. 
The effect of a recent secondary burst of star-formation on a high-redshift galaxy 
that had previously been evolving passively is shown by the blue curve. The sec-
ondary burst model curve is created by taking the z = 1.306 passively-evolving 
galaxy model and adding increasing amounts of recent star-formation in the form of 
a 200 Myr long burst of constant star-formation. The colour of the two-population 
model is then dependent on the mass ratio between the star-forming and passively-
evolving components. Given that the effect of star-formation is predominantly, in 
the V - I direction, by classifying galaxies by their V - I colour, star-forming and 
passively-evolving galaxies at the quasar redshift can be separated, and so a selection 
boundary of V - I = 2.00 (shown as green dotted-line) is used to classify galaxies as 
either passively-evolving (hereafter labelled red) or star-forming (hereafter labelled 
red outliers). 
The effect of internal extinction at z = 1.306 at the level of Av = 1.0 is shown 
as an arrow in the bottom-right corner. It can be seen that the effect of internal 
dust extinction in galaxies at the quasar redshift is to increase the I - K colour. 
The sources classified as stars from their morphology and colour are shown as 
blue star symbols. For comparison the model stellar track of Baraffe et al. (1998) is 
shown as a blue dotted line. The models are for low-mass main sequence stars with 
solar-metallicity and an age of 5 Gyr. It is apparent that there is a good separation 
between the colours of galaxies and stars with stars having much bluer optical- near-
infrared colours than galaxies for a given V - I colour, and so by selecting by both 
colour and morphology, stars and galaxies can be efficiently classified, as has been 
done here. 
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Figure 6.4: Redshift probability distributions for four galaxies in the K image based on their 
VIK colours. The best fitting model is described by its redshift Zoe,t and star-formation history, 
which is either an instantaneous burst or an exponentially decaying star-formation rate with time-
scale r. The Vertical dashed line indicates the redshift of the quasar. Distributions (a) and (b) 
correspond to two galaxies which may be at the redshift of the quasar, being classed as being red 
and red outlier galaxies respectively. Galaxy (c) is a typical member of the compact clump of red 
galaxies marked by density maximum #21, and galaxy (d) is also close to the centre of the clump, 
but has much bluer colours indicating recent star-formation. 
6.5 Photometric Redshift Estimation 
To estimate the photometric redshifts of each galaxy from its VIK colours, and to 
produce the model colour tracks of Figure 6.3, the HYPERZ code of Bolzonella et al. 
(2000) has been used as described in the previous chapter. 
In Figures 6.4(a)—(d) the redshift probability distributions, P(z), are shown for 
two galaxies which are the most promising candidates for being associated with the 
z = 1.306 quasar, and two galaxies from the cluster of red galaxies marked by density 
maximum #21. For each of the galaxies, the best-fitting model is described by its 
redshift 26e.t and star-formation history, which is either an instantaneous-burst or an 
exponentially-decaying star-formation rate with time-scale T. The vertical dashed-
line indicates the redshift of the quasar. 
Distribution (a) corresponds to galaxy ID #1152, which is one of only three 
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galaxies classed as red, and has the VIA' colours closest to those predicted for 
stellar populations formed in an instantaneous burst at zj = 3.5 and observed at 
1.3 (Figure 6.3). 
Redshift probability distribution (b) corresponds to a 'red outlier' galaxy, ID 
#201. It has a similarly red I—K colour to galaxy (a), and it is this that constrains 
its redshift to z > 1. Its optical V - I colour is much bluer, indicating more recent 
star-formation, and results in it being best fitted by a i - = 1 Cyr exponentially-
decaying model. An examination of Figure 6.3 suggests that the combination of 
blue optical colour and extremely-red optical- near-infrared colour may be better 
explained by a two-component star-formation model in which a secondary burst 
of star-formation is added to a dominant old passively-evolving stellar population. 
However, given the limited colour information available the only conclusions that 
should be drawn are that the galaxy is at high-redshift, has a dominant old stellar 
population, and some recent star-formation. 
Redshift probability distribution (c) corresponds to one of the galaxies (ID 
#1284) from the core of the cluster of red galaxies marked by density maximum 
#21. Its colours are typical of many members of the cluster as can be seen from 
Figures 6.3 and 6.5. The galaxy colour can be seen to be close to that predicted for 
the z1 = 3.5 burst model at z 0.8. The redshift probability distribution confirms 
this, and indicates that it is tightly constrained about this redshift to 0.7 z , 0.9. 
It is highly incompatible with being at the quasar redshift, and indicates that the 
clustering of red galaxies is at z 0.8 ± 0.1. 
Redshift probability distribution (d) corresponds to galaxy ID #1256 which is 
also found close to the core of the cluster of red galaxies, but has much bluer colours 
indicating that if associated with the cluster it must have affected by significant 
amounts of recent star-formation. Its photometric redshift estimate suggests that it 
may well be associated with the cluster, being constrained to 0.5, z, 1. 
It appears from an examination of Figures 6.4(a-d) that although there are a 
number of galaxies that have redshift estimates compatible with that of the quasar, 
the cluster of red galaxies is at a much lower redshift, with 0.7 1< z 1< 0.9. 
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6.6 Spatial Distribution of Galaxies 
The spatial distribution of galaxies detected in the two K images, is shown in Fig-
ure 6.5 with the z = 1.306 quasar indicated by the green triangle towards the 
top-centre of the image. The blue dashed-lines indicate the boundaries of the re-
gion covered by the K imaging. The solid red symbols indicate the locations of 
the red galaxies likely to be early-type galaxies at the quasar redshift. The solid 
green symbols indicate those galaxies classed as red outliers having the I - K >1  3.5 
and V - I < 2.00 colours which are best described by galaxies at z >1  1 with some 
recent star-formation. The yellow symbols indicate those galaxies with colours well 
described by the instantaneous burst model at z 0.8 having 2.75 < I - K < 3.75. 
and V - I > 2.00. The blue star symbols indicate galaxies with V - I < 1 which 
are likely to be undergoing significant star-formation. 
For comparison, Figure 6.6 is the VIK three-colour image of the field covered 
by the K imaging data. The areas not covered by the K images are apparent by the 
blue-green coloured regions to the top-right and bottom-left of the image. North is 
to the left, and east is towards the top of the page. The z = 1.306 quasar is apparent 
as the lower/brighter of the two blue-white point-like sources in the top-centre of the 
image. The few galaxies likely to be at the quasar redshift are apparent as orange-
red sources, whilst those galaxies likely to be early-type galaxies associated with the 
z 0.8 cluster towards the bottom-right of the image, appear as yellow-coloured 
sources. The inset shows an expanded view of galaxy ID #163, a red outlier galaxy 
located 25 arcsec to the west of the quasar. 
6.7 The Galaxy Environment of the z = 1.306 LQG 
Quasar 
The addition of K imaging around the z = 1.306 LQG quasar confirms the ten-
tative result of Chapter 4 that the quasar is located in a poor environment, indis-
tinguishable from the field. The K-band and I - K > 3.75 galaxy counts for the 
2.25 x 2.25 arcmin 2 field containing the quasar find no excess in either case in com-
parison with the Hawaii K-band survey of Songaila et al. (1994). Given the rarity 
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Figure 6.5: Spatial distribution of galaxies in the field of the z = 1.306 LQG quasar covered by 
the combined K images. The different symbols indicate the colours of the galaxies, with circles 
(squares) indicating those galaxies detected (not detected) in I. The blue dashed-lines indicate 
the boundaries ofthe region covered by the K imaging. The size of the symbols (except stars) 
indicate the 
'totai magnitude. 
249 
. 	
-- 	 - 
• 	
a 
4 	 4. 
t 	 -. 	 - 	 -- 	 -- 
--- 	 S 
- a 
- 	
a 
• 	 ••• 
p_ 	
.•" 
-- 
•. . H 
S. 
	
S -- 	 • 	 . 
• 	 • 	 . 	 • 	
• 	
. 	 : 
I 	 c 
' 	 0 •ê' 
• 	
: '-' 	
•..: 
Figure 6.7: K-band image of the immediate environment of the z = 1.306 LQG quasar. The 
image is 30 x 30arcsec 2 across, corresponding to 400 h'kpc at the quasar redshift. The three 
sources apparent are the z = 1.306 quasar (centre), source #156 which is a UV-excess point-like 
source which is the brighter of the two sources to the right, and galaxy #171 just below. 
of field I - K > 3.75 galaxies, even a poor group associated with the quasar would 
be detectable as a significant excess of I - K > 3.75 galaxies. 
Of the sources most likely to be at the redshift of the quasar, galaxy #163 is 
the nearest of any brightness (K t , t = 18.26 + 0.04) being located 25 arcsec to the 
west of the quasar. It is classed as a red outlier, and is shown as the extended red 
structure to the right of Figure 6.6(inset). The galaxy appears extended in all three 
hands, and in the K-band in particular there is evidence of a tail extending to the 
north-west, which is also apparent in the I image, but not the V image. The colours 
measured may have been affected by a chance projection which is apparent as the 
blue tinge to the eastern edge of the galaxy, and which is apparent as a separate 
source in both optical images. There is also apparent a second compact red source 
3arcsec to the north of galaxy #163, which is identified in the K image as galaxy 
#164, with K i.t = 19.55, but could not be separated from the source 1.5arcsec to 
the north-west which is much brighter in the optical images. The morphology of 
galaxy #163 appears complex, with signs of an interaction, possibly with galaxy 
#164. 
The immediate environment of the z = 1.306 LQG quasar is shown in Figure 6.7, 
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the K-band image of size 30 x 30 arcsec 2 centred on the quasar which has been 
convolved with a Gaussian kernel of width a = 1 pix, to reduce the background 
noise levels without smoothing out the sources significantly. 
The most notable source in the vicinity of the quasar is the bright point-like 
source (ID #156) located 11 arcsec to the east of the quasar, to the right of Fig-
ure 6.7. It can be seen from the false-colour image of Figure 6.6 to have the same 
blue-white colour as the quasar itself, and it was thus suggested that it may also be a 
quasar. The z = 1.306 quasar was observed as part of the Chile-UK Quasar Survey 
(Newman, 1999), where candidates selected on the basis of their U—B < — 0.3 colour 
were observed using the multi-object spectrograph on the 2.5-rn du Pont telescope 
at Las Campanas Observatory in Chile (the quasar had been identified previously 
by Keable (1987) using the AQD method). The second blue-white source passed the 
colour selection criterion (just), having U - B = — 0.33, but was not observed as: 
firstly not all candidates could be observed in the time available, and so preference 
was given to those with the bluest colours; and secondly the minimum separation of 
fibres on the spectrograph was 55arcsec so that both the quasar and the blue-white 
source could not be observed simultaneously. 
If the source is indeed a quasar, then it would be a remarkable quasar pair, 
particularly given the relatively poor galaxy environment. It is certainly not a 
double image of a single quasar due to a gravitational lens, which would be unlikely 
anyway given the wide separation and no apparent lensing object, as their colours 
are significantly different, the quasar has I - K = 2.27, V - I = 0.09 whilst the 
blue-source has I 
- K = 0.85, V - I = 0.59, 14 = 18.36. The VIK colours of 
the blue-white source in fact indicate that it is likely to be a white dwarf (however 
unfortunately located) having the colours expected from models of white dwarf 
cooling sequences (Chabrier et al., 2000) and those found from optical- near-infrared 
photometry of a sarnple of white dwarfs (e.g. Leggett et al., 1998). There is also 
marginal evidence of a proper motion of the source with respect to the quasar from 
the USNO catalogue where the relative position of the source with respect to the 
quasar in Right Ascension and declination in units of arcsec is (11.07,2.54) whereas 
in the BTC field it is (10.91,2.33), a change of 0.26 arcsec. 
The is no evidence of any close cornpanion galaxies or extended structure of the 
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galaxy host to the quasar in the K image of Figure 6.7 at all. The nearest source 
is galaxy #171, a K 02 = 19.30 galaxy 9.7arcsec (corresponding to 130h 1 kpc at 
z = 1.306) to the south-east, and whose colours are not those expected for a galaxy 
at z 1.3, with I - K = 2.4, V - I = 2.3. There is no evidence for any source 
closer to the quasar than this brighter than K = 22.3 magarcsec 2 (3a background 
fluctuation level). Given the relatively poor resolving ability of the images, it is 
possible that there are companion galaxies within 1 arcsec (r'.J 
 10h'kpc) that 
cannot be resolved from the much brighter quasar. 
If the quasar has not been triggered by a recent galaxy merger or interaction, 
then alternatively it may be the result of the accretion of hot gas during the process 
of galaxy formation (Haehnelt & Rees, 1993). As a protogalaxy collapses, the gas in 
the inner regions of the galaxy must fall inward and form a central black hole unless 
all the material is converted into stars. Further gas then accretes onto the central 
nucleus triggering the onset of the quasar. The triggering of quasars during galaxy 
formation is thought to be the dominant mechanism at high redshifts (z >1  1) and 
explains the correlation between the mass of the central black hole and the bulge 
mass of the host galaxy (e.g. Merritt & Ferrarese, 2001). 
If the quasar luminosity is related in any way to the mass of the host galaxy or 
the environment, in that more luminous quasars are associated with more massive 
host galaxies or richer environments, then it is surprising that this quasar is in an 
apparently isolated environment. Of the four z 1.3 quasars, it is the most luminous 
with Mv = — 26.98 (assuming a spectral index of a = —1, H 0 = 50 km s' MpC 1 
and QM = 1 for comparison with other studies), making it a relatively bright quasar. 
In comparison the z = 1.226 LQG quasar which was shown in the previous chapter 
to reside in a rich cluster environment, and had a number of companion galaxies, 
has Mv = — 26.60. 
6.8 The z 0.8 Cluster 
Figure 6.8 is an expanded VIK three-colour image of the z 	 0.8 galaxy cluster, 
with north to the left, and east to the top of the page. The image has dimensions 
63.7 x 45.5 arcsec 2 , corresponding to a proper angular size of 600 x 430h 2 kpc2 at 
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Figure 6.8: False-colour image of the z = 0.8 galaxy cluster, produced from the combination 
of the V (blue component), I (green) and K (red) images. The galaxies whose colours are well 
described by the burst model at z 0.8 appear as orange-yellow sources, whilst the galaxies 
undergoing star-formation appear blue. 
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There are two notable features of the galaxy clustering apparent from the image. 
Firstly, there is a highly compact, dense core of the cluster containing 20-25 galaxies 
within a region - 250 h'kpc across. Secondly, the cluster is made up of two very 
distinct populations: half the galaxies appear orange-yellow in the image, and have 
colours well described by the z j = 3.5 burst model at z 0.8 (Figure 6.3); and 
the remainder of the galaxies appear blue in the image, indicating that they have 
undergone significant recent star-formation. 
6.8.1 Early-type galaxies in the z 0.8 cluster 
Figure 6.3 shows that there is a significant number of galaxies (indicated by solid 
yellow circles) with colours well described by an instantaneous burst at zj = 3.5 and 
observed at z 0.8, having 2.75 < I—K < 3.75 and V—I> 2.00. An examination of 
the spatial distribution of these galaxies in Figure 6.5 finds them highly concentrated 
towards the cluster in the bottom-right corner of the field. Figure 6.4(c) shows the 
redshift probability distribution for galaxy #1284, which having I - K = 3.16 and 
V - I = 2.62 has colours typical of this galaxy class, and is located in the central 
core, being the lowest of the three yellow-orange sources forming a small right-angled 
triangle in Figure 6.8. Its colours constrain its redshift and star-formation history, 
to an early-type galaxy at 0.7 z 0.9. The photometric redshift estimates for 
the other yellow-orange sources produce similar results, indicating a population of 
early-type galaxies at z 0.8. 
A large spread of colours, both V - I and I - K, is observed for these galaxies, 
which is surprising given that they appear to be early-type galaxies and are pre-
sumably at the same redshift. Some of this spread may well be due to problems 
with photometry due to the high density of sources in the cluster core, making it 
difficult to determine the background levels, but even for those galaxies which are 
sufficiently isolated for this to not be an issue, this spread exists. The only other 
explanation is that there are small amounts of recent star-formation affecting the 
colours of many of these galaxies, and may well be related to the compact nature of 
the cluster, and also the finding of comparable numbers of star-forming galaxies. 
Figure 6.9 shows the V - K and I - K against K colour-magnitude diagrams 
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Figure 6.9: Colour-magnitude diagrams of galaxies in the 2.25 x 2.25 arcmin 2 K-band image 
containing the z = 0.8 cluster. Those galaxies within 250 h 1 kpc (at z = 0.8) of the cluster centre 
are indicated by yellow squares, whilst the remainder are indicated by crosses. The dot-dashed 
green and blue lines indicate the 50% completeness levels for each filter in the image. 
for galaxies in the 2.25 x 2.25 arcmin 2 K-band image containing the z 0.8 cluster. 
Those galaxies within 250 h' kpc of the centre of the cluster (taken to be the position 
of density maximum #21) are indicated by yellow squares, whilst the remainder 
are indicated by crosses. The dash-dotted green and blue lines indicate the 50% 
completeness levels for each filter in the image. 
Red sequences are apparent at I - K 3.4 and V - K 6 and are particularly 
obvious if only galaxies within 250 h'kpc of the cluster centre are considered, al-
though there appear a significant number of galaxies in the remainder of the image 
that lie on the same colour-magnitude relation. The observation of the red sequences 
confirms that these galaxies are early-type galaxies in a high redshift cluster, and 
a comparison of the zero-points of the red sequences and the model predictions of 
Kodama & Arimoto (1997) shown in Figure 3.5 confirms that the cluster is likely 
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to be at z ± 0.8. There are notable slopes in both red sequences, as the galax- 
ies become progressively bluer with increasing magnitudes, reaching I - K 	 3.0 
and V - K a, 5.4 at K = 20.5, suggesting slopes of 8(1 - K)/K 	 —0.13 and 
8(V - K)/K 	
—0.20, which are somewhat steeper than predicted by metallicity 
sequence models (values of -0.07 and -0.12 respectively). There appears a relatively 
high scatter about the red sequences of 0.2 mag, although this is less than would 
be expected from the colour-colour diagram. This large scatter is probably related 
to the high fraction of star-forming galaxies in the cluster. 
The galaxies all appear relatively compact, and there is no single dominant galaxy 
in the cluster. It is clear from Figure 6.8 that all the early-type galaxies in the cluster 
are fairly similar, both in terms of morphology and luminosity, with no dominant 
central galaxy. The brightest of the galaxies has Kt , t 17.44 which corresponds to 
an absolute magnitude of Mv = — 22.17 or '-s  L. The fifth brightest galaxy is only 
0.2 magnitudes fainter, having K t , t = 17.68, and all five have 2.6 c V - I c 2.9 
and 3.1 < I - K .c 3.5 indicating that these galaxies at least are not responsible for 
the observed wide spread of colours. The value of M,> = —22.03 is based on Lilly 
et al. (1995)'s estimation of the Canada-France Redshift Survey luminosity function 
in the 0.75 < z < 1.00 redshift range as Mj(B) = — 21.24, which is then converted 
to our photometric system using BAB = B - 0.17, and to the V band using the 
colours of a typical zero redshift E galaxy, B - V = 0.96 (Fukugita et al., 1995). 
Their compact nature is apparent from Figure 6.8, and their FWHMs in the 
convolved K image are 1.4 arcsec in comparison to 1.25 arcsec for sources 
of comparable magnitudes classed as stars, suggesting their intrinsic FWHMs are 
0.6-0.8 arcsec. In comparison, galaxy #1001, whose magnitude of K t , t = 16.87 
extremely-red colours I - K = 3.92 and V - I = 2.58 indicate that it is likely to 
be a massive elliptical galaxy at z 1, appears both much more luminous than 
the early-type galaxies in the cluster, and an examination of Figure 6.6, where it 
is apparent as the extremely-red galaxy in the centre-right of the image, indicates 
that it is clearly extended. 
It appears remarkable that given the relative proximity of the galaxies in the 
cluster core, that there is no evidence of galaxy interactions or mergers whatsoever 
in the form of tidal tails or galaxies with apparent substructure in any of the the V, 
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I or K images. 
6.8.2 Star-forming Galaxies in the Cluster 
In stark contrast to the early-type galaxies in the cluster which are well described 
by passively-evolving stellar populations with little or no recent star-formation, the 
remainder of the galaxies appear dominated by star-formation, appearing as blue 
sources in Figure 6.8. Unfortunately, due to their blue colour, most of these galaxies 
are too faint to have been detected in the K image, and the few that have been are 
at or near the detection limit at K 21. 
The photometric redshifts of those blue galaxies from Figure 6.8 that are detected 
in the K image tend to result in few constraints in terms of redshifts as their colours 
I - K 2 and V - I,< 1 can be modelled by star-forming galaxies at virtually 
any redshift, although galaxy #1256 does appear constrained to 0.5 , z 1 from 
Figure 6.4(d). However, by making the assumption that these galaxies are associated 
with the cluster, which seems likely given that both the concentrations of blue and 
early-type galaxies are spatially coincident, then all of them are best described by 
100-400 Myr old bursts of star-formation. These galaxies are probably irregular 
galaxies with small intrinsic masses, and are only visible due to their young stellar 
populations. An examination of Figure 3.2 indicates that the V-band luminosity of a 
stellar population decreases by an order of magnitude as a simple stellar population 
ages from 200 Myr to 2 Gyr. 
Perhaps the most remarkable sign of star-formation in the cluster is the bright 
blue galaxy below and to the right of the cluster core (a = 10h147m21.898, 
8 = +50 23'45.4"), which, despite being the brightest galaxy near the cluster core in 
the V-band image, having V = 21.86, and also I = 21.17, is not detected in the K 
image. There is also evidence of structure in this galaxy, with a tail extending away 
from the cluster core. 
6.8.3 Interpretation 
A comparison of the VIK three-colour image of the z 	 0.8 cluster in Figure 6.8 
with the two-colour optical and three-colour VIK images of the other high-redshift 
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clusters in the BTC field (Figures 4.7, 4.10 and 5.6) suggest that the z 	 0.8 
cluster is unusual. Firstly, it appears much more compact than the others, which 
by itself is not remarkable, as it is likely to be at the lowest redshift, and hence 
has had more time to collapse and virialise. Secondly, in the densest regions of the 
other high-redshift clusters there is no evidence of star-formation at all. Indeed for 
the clustering around the z = 1.226 quasar the star-formation rate appears to be 
anti-correlated spatially with the galaxy surface density, whereas in the z 0.8 
cluster, despite it being the most compact and apparently densest of the cluster 
environments, there are signs of significant star-formation. 
The high star-formation rate observed for this cluster is in contrast to studies 
of the blue galaxy population in other distant clusters (e.g. Oemler et al., 1997; 
Kodama & Bower, 2001). They observe a radial- and density-dependence for the 
star-formation in which star-formation is inhibited by high-density regions, and the 
blue galaxy fractions are lowest in the cluster cores. The effects are observed to 
be particularly strong for compact, dense clusters (Oemler et al., 1997) like this 
one. This is due to the densest cluster regions becoming filled with shock-heated, 
virialised gas which does not easily cool and collapse to form galaxies (Blanton et al., 
1999) or new stars, inhibiting star-formation (Blanton et al., 2000). 
It does not appear that the star-formation has been triggered as the result of 
galaxy interactions and mergers (Lavery & Henry, 1988), as there is no evidence of 
any galaxy interactions or mergers in the cluster whatsoever, despite their presumed 
close proximity. More recent evidence suggests that this mechanism is not a major 
contributor to the Butcher-Oemler effect, as observations of blue galaxies in a cluster 
at z 0.4 indicate that they are predominantly normal late-type spirals and that 
most of them were not undergoing dynamical interactions (Dressier et al., 1994). 
An examination of the VIK three-colour image of the galaxy clustering around the 
z = 1.226 cluster (Figure 5.6) finds that the blue galaxies appear isolated and show 
no signs of having had their star-formation triggered by interactions with another 
galaxy. 
It is possible that the star-formation has been triggered by the ongoing infall of 
the galaxies into the cluster as a result of ram pressure from the intra-cluster medium 
(Evrard, 1991). Although star-formation is inhibited by the dense environment of 
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the cluster core, as the gas is heated up and ultimately stripped from the galaxy, as 
the galaxy approaches the cluster centre, the star-formation rate can be temporarily 
increased (by up to a factor of 2) as ram-pressure from the passage of the galaxy 
through the intra-cluster medium compresses the molecular gas of the galaxy (Fujita 
& Nagashima, 1999). 
The observed high rate of star-formation in this cluster is probably a very tempo-
rary phenomenon, as the passage through the dense cluster core by the blue galaxies 
will rapidly truncate star-formation in them over a period of a few hundred Myr. 
The fact that the blue galaxy fraction is so high is probably due to a coincidental 
infall of a number of field galaxies onto the cluster, which may have had their star-
formation rate boosted by the effects of ram pressure, or may just have the typical 
star-formation rates of field galaxies. 
6.9 Summary 
This chapter describes the results of K imaging of two adjacent 2.25 x 2.25 arcmin 2 
fields, one containing the z = 1.306 EJQG quasar, and the second containing the most 
significant high-redshift cluster candidate associated with density maximum #21. 
Photometric redshift estimates based on the VIK photometry allow the galaxy 
environment of the quasar to be examined by identifying those galaxies likely to 
be at z 1.3. There is no evidence of any galaxy clustering associated with the 
quasar, with no excess of I - K > 3.75 galaxies observed in either field, indicating 
that the quasar is located in a poor environment indistinguishable from the field. 
There is also no evidence of any companion galaxies or interactions associated with 
the quasar host, with no galaxy detected to K 21 (Mk + 2) within 100 h'kpc. 
The addition of K imaging allows the confirmation that the clustering of red 
galaxies associated with density maximum #21 is indeed a high-redshift cluster. 
Red sequences are apparent at I - K 3.4 and V - K 6, indicative of a pop-
ulation of 15-25 early-type galaxies at z 0.8. The constraints produced by the 
photometric redshift estimates indicate that this cluster is certainly not associated 
with the quasar group, as the VIK colours of the red sequence members are in-
compatible with such high redshifts. There is evidence for significant star-formation 
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occurring in the cluster in the form of comparable numbers of faint blue (V - I < 1) 
galaxies concentrated around the cluster centre, whose colours are probably due to 
very young stellar populations ( 200 Myr old). Despite the galaxy density in the 
cluster centre being particularly high, and the observation of numerous star-forming 
galaxies, there is no evidence of galaxy interactions or mergers, which suggests that 
this star-formation has not been triggered by such events, but is the result of the 
infall of the galaxies into the cluster. 
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Chapter 7 
Conclusions and Further Work 
In this chapter, the main findings of this thesis are summarised. Some of the work, 
in particular that described in Chapter 5, has been published in refereed journals 
(Haines et al., 2001), and presented at conferences (Clowes et al., 1999b; Haines 
et al., 2000a,b,c). Many of the conclusions presented in this thesis are limited by 
being able to estimate the distance and properties of sources from their colour, and 
so this chapter also describes a number of avenues open for future work that could 
clarify these issues. 
7.1 Summary of Conclusions 
The BTC Field 
Chapter 2 describes the obtaining and reduction of ultra-deep optical images using 
the Big Throughput Camera (BTC) on the 4-m Blanco telescope at the Cerro Tololo 
Interamerican Observatory (CTIO). The observations were made over two nights in 
April 1998, resulting in ultra-deep V and I imaging of a 40.6 x 34.9 arcmin2 region 
that contains three quasars from the z 1.3 Clowes-Campusano Large Quasar 
Group, as well as four background quasars. 
The astrometry was calibrated through the comparison of the positions of 800 
sources from the USNO catalogue, and is believed to be accurate to 0.05 arcsec. 
The photometric calibration was performed by using the standard stars of Landolt 
(1992) and the zero-point is believed to be accurate to 0.02 mag whilst the pho- 
tometric errors due to random noise are believed to be 0.1 mag at V 24.75 and 
I 	 23.75. 
The SEXTRACTOR package was used to extract the sources from the final images, 
resulting in catalogues of io sources that are 50% complete to V 26.35 and 
I 25.85 in the fully exposed regions. The differential galaxy counts have been 
determined and compared with other deep surveys and are found to be in excellent 
agreement. The galaxy counts increase logarithmically with magnitude, with the 
slopes measured for the V-band as a v = 0.402 ± 0.012 for V = 21-24, flattening 
to av = 0.258 ± 0.017 for V = 24-26. The slope for the I-band galaxy counts is 
measured as aj = 0.286 ± 0.006 for I = 20-26. 
The Cluster Red Sequence Method 
Chapter 3 describes the use of the Cluster Red Sequence method of Cladders & 
Yee (2000) to detect and characterise clusters in the BTC field. The method is 
motivated by the observation that the bulk of early-type galaxies in all rich clusters, 
and at all observed redshifts, lie along a tight, linear colour-magnitude relation 
- the cluster red sequence. This red sequence appears homogeneous from cluster 
to cluster at the same redshift, and its colour evolves with redshift in a manner 
predicted for the galaxies being described as simple stellar populations formed at 
zj 2f 3-5 which then evolve passively. This allows accurate cluster redshift estimates 
to be obtained from imaging data with as few as two filters, as is the case for the BTC 
data. By selecting only those galaxies which lie on the red sequence corresponding 
to a particular redshift, it is possible to obtain a redshift slice, from which candidate 
clusters can be identified as density peaks in the galaxy number density. The method 
was applied to the BTC data, and two candidate low-redshift clusters identified, 
one at z 0.05, and another at z 0.25. An examination of the properties of 
the z 0.25 cluster in particular demonstrates the validity of applying the cluster 
red sequence to the BTC images, as it is clearly a cluster from an examination of 
the images themselves: a 2.4a excess of I < 21 galaxies within 500 hkpc of the 
cluster location predicted by the cluster red sequence algorithm is observed; and an 
examination of the colour-magnitude diagram of galaxies within 500 h' kpc of the 
cluster centre shows the clear red sequence due to the presence of the cluster. 
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Galaxy Clustering Associated with the z 1.3 Clowes-Campusano LQG 
Chapter 4 describes the examination of galaxy clustering at redshifts beyond 
z 0.5 through the selection of galaxies redder than the expected colour of red 
sequence galaxies at z = 0.5. By applying these selection criteria to galaxies in 
a comparably deep field, the EIS-DEEP HDF-South field covering 27arcmin 2 , and 
taking advantage of its UBVRIJHK S photometry to estimate the red galaxies' 
redshifts and star-formation histories, it is demonstrated that these are early-type 
galaxies at 0.6 z 1.5. This is confirmed by the two-point angular correlation 
function of the red galaxies in the BTC field which finds the clustering strength of 
red galaxies to be an order of magnitude greater than for I-band selected galaxies, 
as would be expected if the red galaxies are on average more massive, and hence 
more biased tracers of mass, than galaxies selected by magnitude alone. 
In total 3017 red galaxies are found in the BTC field, corresponding to a mean 
galaxy density of 2.13 galaxies per arcmin 2 . In contrast, there are only 34 sources 
classified as red galaxies in the EIS-DEEP HDF-South control field, corresponding 
to a mean galaxy density of 1.26galaxies per arcmin 2 . The excess is found to be 
significant at the 98.4% by considering the fraction of EIS-DEEP field-sized regions 
in the BTC field that contain as few red galaxies as observed in the EIS-DEEP field. 
Even after considering the possibility of contamination of the red galaxy number by 
misclassified stellar objects, the excess is estimated to be significant at the 1.6a 
level. The observed excess corresponds to 1000 extra red galaxies over the BTC 
field, and it is suggested that this is due to the presence of a high-redshift large-
scale structure encompassing the whole field. Given that the BTC field was chosen 
to cover a dense region of the Clowes-Campusano Large Quasar Group, it seems 
reasonable to suggest that this excess of red galaxies is evidence for a large-scale 
structure traced by the quasar group. A crude estimate of the expected excess of 
red galaxies, given the observed excess of Mgu absorbers at 1.2 < z C 1.3 in the 
region of the quasar group (Williger et al., 2000), indicates that excesses of the order 
of 20-50% are possible. 
If the overall red excess, the clustering associated with the z = 1.226 quasar, 
and the excess of Mgii absorbers at the LQG redshift are considered together, the 
evidence for the Clowes-Campusano Large Quasar Group tracing a large-scale struc- 
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ture at z 1.3 becomes highly convincing. These results are paralleled by those of 
Tanaka et al. (2000, 2001) who find evidence for a large-scale structure 20 h'Mpc 
across that is traced by five quasars from the Crampton et al. (1989) LQG at z 1.1 
(Tanaka et al., 2001), with one of the quasars located on the periphery of a rich clus-
ter (Tanaka et al., 2000). 
The evidence in favour of LQGs tracing large-scald structures at high-redshift 
has become much stronger over the last few years, and opens the possibility of them 
being used as probes of large-scale structure beyond the range of galaxy redshift 
surveys. With the prospect of large, homogeneous quasar surveys, such as the 2dF, 
becoming publicly available over the coming years, it should be possible to determine 
the statistical properties of LQGs, such as number density, redshift evolution, and to 
use these to deduce properties of, the evolution of the underlying large-scale structure. 
However, any mapping of the spatial distribution of quasars onto an underlying mass 
distribution will be complicated by the uncertainty of the biasing effects of the quasar 
triggering mechanisms, and the likely redshift dependency of this bias. 
High-redshift Galaxy Clusters 
Four high-redshift cluster candidates are apparent in the BTC field, of which two 
appear associated with z 1.3 quasars. 
The z = 1.226 LQG quasar is located within a region of amorphously-distributed 
galaxy clustering extending over several megaparsecs. This appears to be a very 
massive system, with an excess of 100-150 red galaxies within 5 arcmin of the quasar, 
suggesting a total mass of M1 5 x 1014 
 h' M® , comparable to that of the Coma 
cluster. The z = 1.426 quasar is located on the periphery of a region of clustering 
of red galaxies, made up of two clusters separated by " 2.4hMpc. A similar 
bimodal distribution of red galaxies is observed for another cluster candidate, with 
two compact groups of 6 red galaxies separated by 4.4 arcmin, the intervening 
region being filled with a diffuse, extended distribution of red galaxies. 
The most significant (in terms of the cluster finding algorithm) high-redshift 
cluster candidate is located just 165arcsec (corresponding to 2.2h'Mpc at the 
quasar redshift) from the z = 1.306 LQC quasar, and so K imaging was obtained 
in May 2000 to estimate its redshift, as described in Chapter 6. Red sequences 
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are apparent at I - K 3.4 and V - K 6, indicative of a population of 15-25 
early-type galaxies at z = 0.8 ± 0.1. There is evidence for significant star-formation 
occurring in the cluster in the form of comparable numbers of faint blue (V - I < 1) 
galaxies concentrated around the cluster centre, whose colours are probably due to 
very young stellar populations ( 200 Myr old). Despite the galaxy density in the 
cluster centre being particularly high, and the observation of numerous star-forming 
galaxies, there is no evidence of galaxy interactions or mergers, which suggests that 
this star-formation has not been triggered by such events, but is the result of the 
infall of the galaxies into the cluster. 
Three of the four high-redshift cluster candidates have significant substructure, 
either bimodal or more complex, with only the z 0.8 cluster appearing dynam-
ically evolved. Such substructure appears relatively common at these redshifts: 
X-ray imaging data of the z = 1.27 cluster of Stanford et al. (1997) finds the spa-
tial distribution of the emission from the hot gas of the intra-cluster medium both 
amorphous and bimodal (Stanford et al., 2000). This suggests that at z 1 galaxy 
clusters are still in the process of forming and coalescing, as would be expected from 
the hierarchical clustering model. Many of the high-redshift structures apparent in 
the BTC field have dense, compact cores surrounded by a diffuse, extended galaxy 
structure, suggesting that at these redshifts only the cores of clusters have formed, 
and that over the next few gigayears the clusters will increase in size through the 
progressive absorbing of galaxies from the extended distribution. 
The finding of so many clusters at high-redshifts indicates a mild negative evo-
lution of cluster abundance with redshift that is highly inconsistent with an Q M = 1 
universe where clusters are predicted to form later and evolve much more rapidly, 
but is in good agreement with that predicted by low-density cosmological models, 
with or without a cosmological constant. 
The Galaxy Environment of Quasars at z 1.3 
Chapters 5 and 6 describe near-infrared imaging for fields around two of the three 
LQC quasars in the BTC field. K imaging of 2.25 x 2.25 arcmin3 fields around 
the z = 1.226 and z = 1.306 LQC quasars was obtained using the UKIRT Fast-
Track Imager (UFTI) camera on the 3.8-rn United Kingdom Infra-Red Telescope 
(UKIRT) in March 1999 and May 2000, reaching K 	 20. The addition of K 
imaging allows the identification of galaxies likely to be associated with the quasars 
through photometric redshift estimation methods, with I - K 4 colours being a 
particularly good indicator of galaxies at these redshifts. 
The clustering of optically-red galaxies around the z = 1.226 quasar is confirmed 
(in the region covered by K imaging at last) to be at the quasar redshift, in the 
form ofa factor r'. excess of galaxies with I—K >3.75 in the 2.25 x 2.25arcmin 2 
field. In particular, 15-18 galaxies with colours consistent with being a population 
of passively-evolving massive ellipticals at z = 1.2 ± 0.1 are found. They form red 
sequences in the V - K against K and I - K against K colour-magnitude diagrams 
at V - K 6.9, I - K 4.3 comparable to those observed in spectroscopically- 
confirmed z 1.2 clusters (e.g. Dickinson, 1995; Stanford et al., 1997; Rosati et al., 
1999). There is suggestive evidence for substructure amongst these red sequence 
galaxies in the K image, in the form of two compact groups, 40 arcsec to the north, 
and 60 arcsec to the south-east of the quasar. An examination of the wider optical 
images indicates that this substructure is significant at the 98% level, and that 
the clustering extends well beyond the K image, forming a large-scale structure 
2-3h'Mpc across. 
There is evidence for a high (1> 50%) fraction of blue galaxies in this system in 
the form of 15-20 'red-outlier' galaxies with I - K > 3.75 and V - I < 2.00. Such 
galaxies are rare in field regions indicating that they are likely to be associated with 
the z 1.2 cluster, and their colours are best described by a two-component model 
in which a secondary burst of recent star-formation is added to a dominant old, 
passively-evolving stellar population. Within 30 arcsec of the quasar a concentration 
of blue (V - I < 1) galaxies is found, forming a band that bisects the two groups 
of red sequence galaxies. This band is similar to regions of enhanced star-formation 
apparent around many of the z 1.1 quasars of the Hutchings et al. (1995) study, 
suggesting that this band also corresponds to a region of enhanced star-formation. 
However, no overall excess of blue galaxies is observed, and it may be that this 
band is in fact a region of average star-formation levels, that only appears blue in 
contrast to the diminished star-formation found in the centres of the two clusters. 
This is supported by the observations of Balogh et al. (1999) and Ellingson et al. 
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(2001) which examine the galaxy morphology fractions and star-formation rates as a 
function of clustercentric radius, and find that star-formation rates are significantly 
diminished in the cluster cores which are dominated by early-type galaxies, and find 
no evidence of an excess of star-formation at any clustercentric radius. Their results 
imply that the cluster environments are not responsible for inducing starbursts, 
and indeed inhibit star-formation, and that the infall of galaxies into the cluster 
produces a gradual truncation of star-formation by ram-pressure from the intra-
cluster medium. 
The immediate environment of the quasar suggests that it has been activated by 
a recent galaxy interaction event, as there are two sources within 3 arcsec, that may 
be companion galaxies to the quasar host. Such compact companions are found 
for a significant fraction (40%) of quasars (e.g. Bahcall et al., 1997a; McLure 
et al., 1999), and spectroscopic observations have confirmed that many have stellar 
populations and redshifts within 500 km s of the quasar (e.g. Stockton, 1982) and 
in one case have found evidence for a recent star-burst event that may be coincident 
with the quasar activation (Canalizo & Stockton, 1997). 
In complete contrast, there is no evidence of any galaxy clustering associated 
with the z = 1.306 LQG quasar, with no excess of I - K > 3.75 or K < 20 galaxies 
in the 2.25 x 2.25 arcmin2 K-image containing the quasar, indicating that the quasar 
is located in a poor environment that is indistinguishable from the field. There is also 
no evidence of any companion galaxies or interactions associated with the quasar 
host, with no galaxy detected to K 21 (Mk + 2) within 100 h'kpc. There is no 
evidence of galaxy clustering associated with the z = 1.230 LQC quasar either from 
the BTC data, it being located in a low-density region of optically-red galaxies. 
The z = 1.426 quasar which, although not classed as belonging to the Clowes-
Campusano LQG, is at a similar redshift, and has associated galaxy clustering, it 
being located on the periphery of a cluster of optically-red (V - I 3) galaxies, 
with a second cluster 2.4 h'Mpc beyond the first. 
The four z 	 1.3 quasars are found in a wide variety of galaxy environments, 
from those indistinguishable from the field, to being associated with rich clusters, 
although it is notable that they are located on the cluster peripheries rather than in 
the cores. These results are similar to those of other studies of quasar environments 
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at these redshifts (e.g. Hall & Green, 1998; Sanchez & González-Serrano, 1999), 
which find the quasars in a wide variety of environments, but on average are in 
overdense regions comparable to poor clusters, making them biased tracers of mass 
compared to galaxies. Sanchez & González-Serrano (1999) also observe that the 
quasars are not located in the highest density regions of the galaxy clustering, but 
are found on the cluster peripheries, at a projected distance of 40-100 arcsec from 
the cluster centres. 
The wide variety of environments observed for quasars, and the bias towards 
over-dense regions, is consistent with the quasars being hosted by massive ellipticals, 
which trace mass in the same biased manner as described by the density-morphology 
relation of Dressier (1980). This is confirmed by recent HST-based studies that have 
found that the host galaxies of all low-redshift, luminous (Mv < —23.5) quasars are 
bright galaxies with L > L, and have luminosity profiles that are well described 
by a de Vaucouleurs r"-law spheroidal profile (McLure et al., 1999; Dunlop, 2001). 
This is also confirmed by the quasar two-point redshift-space correlation function 
from the 2dF QSO Redshift Survey, which is found to be comparable to results for 
local optically-selected galaxies, and evolves with redshift in a manner consistent 
with quasars residing in dark matter halos with masses of MIJMH Z 1012-13 M®. 
Given that massive ellipticals tend to dominate the galaxy population in the cores 
of clusters, the apparent avoidance by quasars of these high-density regions must 
be the result of the quasar triggering mechanism rather than the host galaxy. This 
avoidance of the high-density regions can indeed be understood in the framework 
of both galaxy merger and galaxy formation quasar triggering mechanisms: the 
encounter velocities of galaxies in the centre of clusters are much greater than the 
internal velocity distributions, and so galaxy mergers become much less efficient at 
triggering nuclear activity (Aarseth & Fall, 1980); and the cluster cores are filled 
with shock-heated virialised gas that does not easily cool and collapse (Blanton 
et al., 1999), inhibiting both the formation of stars and galaxies (Blanton et al., 
2000), and hence inhibiting quasar formation as well (Haehnelt & Rees, 1993). 
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7.2 Future Work 
One of the recurring themes of this thesis has been the limitation of many conclusions 
due to having to estimate galaxy redshifts from their colour alone, rather than having 
any definite redshift value. Hence, the most imperative avenue for future work is 
to obtain improved redshift data for those galaxies thought to be of most interest. 
There are two sets of observations that will provide improved redshift and star-
formation history data for galaxies in the BTC field: further near-infrared imaging; 
and multi-object spectroscopy. 
Chapters 5 and 6 demonstrated the power of combined optical and near-infrared 
imaging in discriminating between galaxies associated with the z 1.3 LQG quasars 
and foreground galaxies, with the I - K colour in partiêular being able to constrain 
galaxy redshifts efficiently at these redshifts, and the V—I colour allowing separation 
between passively-evolving and star-forming galaxies. 
Near-infrared imaging (.1, K) of fields centred on the high-redshift cluster can-
didates would allow estimates of their redshifts accurate to a few percent using the 
cluster red sequence method. Any clustering of passively-evolving galaxies associ-
ated with the quasar group should manifest itself as red sequences at V - K 7, 
I - K 4.3 and J - K 2. It should also be possible to examine the star-
formation properties of galaxies in these clusters by identifying candidate late-type 
cluster members from their VII(, or preferably VIJK, colours through photometric 
redshift estimation methods. Such galaxies are likely to have a wide range of V - I 
colours, making it impossible to identify them from the BTC data alone, but they 
should still have relatively red optical- near-infrared colours at z 2f 1.3 allowing 
them to be distinguished from foreground galaxies. 
The most suitable instrument for obtaining near-infrared imaging of high-redshift 
cluster candidates is the SOFT infrared imaging camera on the 3.5-m New Technology 
Telescope (NTT) at La Silla in Chile, which has a 4.9 x 4.9arcmin 2 field of view 
and can reach 5c magnitude limits of K = 20.9 and J = 22.9 in one hour. The 
field of view is sufficiently large to cover most or all of the clustering associated 
with each of the high-redshift cluster candidates (Figures 4.7, 4.10, and 4.17) in one 
exposure, and so J, K imaging of sufficient depth to detect typical cluster galaxies 
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could be obtained in 2-3 hours per cluster candidate. As well as observing each of 
the high-redshift cluster candidates, it may be worth observing a field region within 
the BTC image to examine the properties of the optically-red galaxies belonging to 
the high-redshift slice and to see if the observed excess could be due to a large-scale 
structure at z 1.3. 
Although near-infrared observations can provide useful constraints on galaxy 
redshifts and star-formation histories, definite redshifts and star-formation rates 
can only be obtained using spectroscopic data. By using multi-object spectrographs 
on 8-rn class telescopes it is now possible to obtain high-quality spectra for a large 
sample of I 23 galaxies in a few hours. The Visible Multi-Object Spectrograph 
(VIMOS) on the 8-rn Melipal Very Large Telescope (VLT - UT3) at the Paranal 
Observatory in Chile for example, is able to define masks with ± 500 slits over 
a field of 14 x l6arcmin 2 , allowing the spectra of hundreds of I 	 23 galaxies to 
be obtained in a single observation of 
	 4 hours, and is likely to be available to 
astronomers from late 2001. 
Instruments such as VIMOS would allow a follow-up spectroscopic study of a 
large (1> 100) sample of the optically-red galaxies from the high-redshift slice and 
determine if the observed excess of these galaxies is due to a large-scale structure at 
z 1.3, in which case a sharp peak would be apparent in the redshift distribution 
at 1.2 z 1.3. Such a study would also naturally provide a large sarnple of high-
redshift early-type galaxies allowing their evolution to be examined. 
As well as a wide-field spectroscopic study of the optically-red galaxies, concen-
trated spectroscopic studies of the high-redshift cluster candidates would be desir-
able. Such studies could not only establish the redshift and galaxy membership of 
the clusters, but could also estimate the mass of the clusters through the velocity 
dispersion of the galaxies. Chapters 5 and 6 have speculated on the effects of the 
cluster environment on star-formation in the galaxies, in particular the 'band' of blue 
galaxies near the z = 1.226 quasar, and it would be particularly interesting to obtain 
spectra of these galaxies, and exarnine the spatial distribution of star-formation in 
the cluster neighbourhood. To identify these star-forming cluster members requires 
at least the VIK colour data described in Chapters 5 and 6, and so before any de-
tailed spectroscopic survey of the clusters, near-infrared imaging should be obtained 
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to allow the selection of candidate cluster members in a manner as free from bias 
with respect to star-formation history as possible. 
A service observing proposal to obtain spectra of 57 galaxies in the vicinity of the 
z = 1.226 quasar using the FOcal Reducer / Low Dispersion Spectrograph (FORS1) 
on the 8-m Antu Very Large Telescope (VLT - UT1) was submitted in September 
1999 for the April-September 2000 semester (period 65), and was accepted with the 
highest priority level. 
The FURS instrument allows multi-object spectroscopy through 19 slitlets which 
can be positioned in a limited manner over a 6.8 x 4 arcmin 2 field. Three sets of 
19 cluster candidates were identified for spectroscopic observations, with exposure 
times of 1 hour (for the brightest sources), 3 hours and 4 hours, making up the total 
of 8 hours given to the proposal. Exposure times of 3-4 hours are needed to reach 
continuum signal-to-noise levels of 5 for I 23 galaxies, and are comparable to the 
exposure times used in spectroscopic studies of other z 1.2 clusters (e.g. Dickinson, 
1995; Stanford et al., 1997; Rosati et al., 1999). The candidates were selected to 
contain as many of the 15-18 galaxies from the V - K 6.9 and I - K 2f 4.3 
cluster red sequences as possible, as well as members of the blue 'band' and the 
quasar companion galaxies, and the remainder of the slits were filled with optically-
red galaxies from the surrounding large-scale structure. The wavelength range to 
be observed is 6000-11000 A covering the redshifted 4000 A break and OH 3727 A 
emission-line of galaxies at the quasar redshift, allowing the ages and star-formation 
rates of the galaxies to be estimated. There were several objectives of the proposal: 
to confirm the redshift and extent of the large-scale structure of galaxies with the 
colours of early-type galaxies at z 1.2, and whether it is associated with the quasar 
as believed; to examine the nature of the blue 'band' by firstly confirming whether 
it is associated with the quasar and the clustering of early-type galaxies, and then 
ascertaining whether it is a region of average or enhanced star-formation levels; and 
confirming whether the two galaxies 3 arcsec from the quasar are indeed companion 
galaxies, and search for indications of a recent starburst that could indicate that the 
quasar was triggered by an interaction of the host galaxy with one of the companion 
galaxies. 
It was hoped to include the analysis of these observations in this thesis, as they 
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may have produced many interesting results. Unfortunately, despite the service 
proposal being successful, and given the highest priority level, it remains only partly 
completed a year after the observations would have been expected to have taken 
place. 
There are further avenues for future work, such as HST-based imaging of the 
galaxy clustering around the z = 1.226 LQG quasar, using its unique resolving 
capabilities to examine the morphologies of the cluster galaxies, and the immediate 
environment of the quasar to discern the host galaxy and the companion galaxies. 
There are also other interesting objects that may merit HST imaging, such as the 
z 0.8 cluster to search for signs of galaxy mergers or gravitationally-lensed objects, 
or the compact group of galaxies at the heart of density maximum #71 that may 
be the progenitor of a cD galaxy. 
Finally, the hot gas from the intra-cluster media of the high-redshift clusters 
could be observed directly through X-ray imaging by the XMM or Chandra satelites. 
Recent Chandra X-ray observations of clusters at z o 1.2 finds spatially extended 
X-ray emission that clearly shows that a hot intra-cluster medium exists in clusters 
at these redshifts (Stanford et al., 2000). It would be particularly interesting to 
obtain comparable data for the clustering around the z = 1.226 quasar as one of the 
possible explanations of the 'blue' band was that it was triggered by shocks in the 
intra-cluster medium produced by the merging of the two clusters on either side, 
and so these shocks, if they exist, should be directly observable in the X-ray data. 
It is hoped that over the next few years many of the results and conclusions 
presented in this thesis will be confirmed by improved data, and that the idea of 
using Large Quasar Groups as cosmological probes will be advanced. 
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ABSTRACT 
We have conducted ultra-deep optical and deep near-infrared observations of a field around 
the z = 1.226 radio-quiet quasar 104420.8 + 055739 from the Clowes—Campusano LQG of 
18 quasars at z - 1.3, in search of associated galaxy clustering. Galaxies at these redshifts 
are distinguished by their extremely red colours, with 1 - K > 3.75, and we find a factor 
—Il overdensity of such galaxies in a 2.25 x2.25arcmint field centred on the quasar. In 
particular, we find 15-18 galaxies that have colours consistent with being a population of 
passively evolving massive ellipticals at the quasar redshift. They form 'fingers' in the 
V - K/K, 1 - K/K colour—magnitude plots at V - K = 6.9, I - K 4.3 comparable to 
the red sequences observed in other z 1.2 clusters. We find suggestive evidence for 
substructure among the red sequence galaxies in the K image, in the form of two compact 
groups, 40 aresec to the north, and 60 arcsec to the south-east of the quasar. An examination 
of the wider optical images indicates that this substructure is significant, and that the 
clustering extends to form a large-scale structure 2-3 h' Mpc across. We find evidence for a 
high (50 per cent) fraction of blue galaxies in this system, in the form of 15-20 'red 
outlier' galaxies with / - K > 3.75 and V - I <2.00, which we suggest are dusty, star-
forming galaxies at the quasar redshift. Within 30arcsec of the quasar we find a 
concentration of blue (V — I < I) galaxies in a band that bisects the two groups of red 
sequence galaxies. This band of blue galaxies is presumed to correspond to a region of 
enhanced star formation. We explain this distribution of galaxies as the early stages of a 
cluster merger which has triggered both the star formation and the quasar. 
Key words: galaxies: clusters: general - galaxies: evolution - quasars: general - large-scale 
structure of Universe. 
I INTRODUCTION 
Quasars are sparsely distributed across the Universe, with the 
majority appearing to be unrelated to one another. However quasar 
clustering has been observed on large scales in the form of large 
quasar groups (LQOs) (e.g. Webster 1982; Crampton, Cowley & 
Hartwick 1987, l989; Clowes & Campusano 1991, 1994; Graham, 
Clowes & Campusano 1995), where 4-25 quasars form structures 
100-200h' Mpc across. They are thus comparable in size to the 
largest structures seen at the present epoch, such as the 'Great Wall' 
ofgalaxies,butareseenatanearljerepochwitho.4 z S 2.lthas 
been suggested (Komberg & Lukash 1994) that LQGs represent 
the progenitors of these local large-scale structures, not only 
because of their comparable sizes, but also because of a claim that 
* Visiting astrononers. Cern, Toloto tnter-American Observatoty, 
National Optical Astronomy Observatories. 
E-mail: cphaines@udan.ac.uk  
the comoving number densities of LQGs and local superclusters 
are comparable (Kombeig, Kravtsov & Lukash 1996). 
Observalions of the galaxy environments of individual quasars 
lends credence to the hypothesis that LQGs trace superciusters. 
Quasars at z - Oi are known to favour young, low-to-moderately 
rich clusters, with richness increasing with both redshifl and radio-
loudness (Ellingson, Vet & (keen 1991). At higher redshifts, a 
survey of 311 z S 2 radio-loud quasars (Hall & Green 1998) 
indicates that they are on avenge found in moderately rich 
1.5) clusters. Optical and narrow-band (Oil) observa-
tions of fields centred on 11 z - 1. I quasars from the Crampton 
et al. (1989) LQG show an excess of galaxies around all but one of 
the quasars (Hutchings, Crampton & Johnson 1995, hereafter 
Ha; Flutchings, Craznpton & Persram 1993, hereafter HCP). In 
particular they find excesses of blue and emission-line galaxies 
around several of the quasars, indicating regions of significant star 
formation, a phenomenon probably related to the fact that both 
quasars and star formation require the disruption of the galaxy, 
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causing a collapse of significant amounts of gas. They find no 
evidence for a coherent structure connecting the quasars, but star 
formation is likely to be localized, rather than occurring 
simultaneously across large scales as a cluster mass halo collapses 
or during a cluster merger. 
To determine whether or not LQGs trace superclusters requires 
observations capable of identifying the quiescent galaxies that 
mark out any associated supercluster, in particular the massive 
ellipticals which dominate cluster wits. These axe both the most 
luminous and the reddest galaxies in nearby clusters, and form a 
homogeneous population with very tight linear colour-magnitude 
(C-M) relations known as red sequences (Bower, Lucey & Ellis 
1992), indicative of old (12-13Gyr) stellar populations. This red 
sequence has been followed in the optical for clusters out to 
- 0.9 (Aragón-Salamanca et al. 1993; Stanford, Eisenhardt & 
Dickinson 1998) and is consistent with the passive evolution of 
galaxies that formed in a monolithic collapse at z 3 (Eggen, 
Lynden-Bell & Sandage 1962). At z I these galaxies should be 
characterized by extremely red optical- near-infrared (N!R) 
colours (I- K a 
 4) as the 4000-A break is redshifted into the 
I-band. Good contrasts of z z I clusters over the background are 
possible as field I - K a 
 4 galaxies appear raze: the Hawaii 
K-band survey finds no galaxies with I - K > 4 for K C IS over 
an area of 86.7 arcmin2 
 (Cowie et al. 1994; Songaila et al. 1994). 
Several z a 
 1.2 clusters have been found by searching for 
galaxies with I - K a 
 4 in fields around both targeted high-
redshift AGN (Dickinson 1995, hereafter D95; Yamada et al. 
1997; Tanaka et al. 2000, hereafter TOO) and regions of extended 
X-ray emission (Stanford et al. 1997, hereafter S97; Rosati et al. 
1999, hereafter R99). These galaxies are found to have the 
optical-MR colours (I - K 4,R - K 6) expected for pas-
sively evolving galaxies which are 2-3Gyr old, in good 
agreement with the monolithic collapse model predictions. D95  
also finds a red sequence for the z = 1.2 cluster around the radio 
galaxy 3C 324 with R - K a 
 5.9 and a mis scatter of only 
0.07 mag, suggesting that these galaxies formed within 300 Myr of 
one another. 
In this study we aim to establish the galaxy environment of 
LQG5 in a manner that is unbiased with respect to galaxy type. We 
have targeted a 30 x 30 arcmin2 field containing three quasars 
from the a a 1.3 Clowes & Campusano LQG (Fig. I) for ultra-
deep optical observations complemented with deep-MR observa-
tions of selected subfields, capable of detecting the passively 
evolving galaxies that should mark out any coherent large-scale 
structures. We present here the first results from this study, using 
ultra-deep Vand I images and a K image centred on the z = 1.226 
radio-quiet (not detected at the I -mjy level by the FIRST VLA 
20-cm survey) quasar 104420.8 + 055739. We have detected 
clustering of galaxies with the extremely red colours expected of 
quiescent ellipticals at the quasar redshift. Throughout the paper 
we adopt q0 = 0.5 and Ho = lOOhkmCt Mpc'. 
2 OBSERVATIONS 
The 30 x 30aivmin 1 field was observed through V and I filters 
using the Big Throughput Camera (BTC) on the 4-m Blanco 
telescope at the Cerro Tololo Inter-American Observatory on 1998 
April 21/22 and 22123. The BTC is made up of four 2048 X 2048 
CODs that have pixels of size 0.43 arcsec, giving a field of view 
for each CCD of 14.7 x 14.7 anmin 2 . The CCDs are arranged in a 
two-by-two grid and are separated by gaps of 56arcmin. To 
obtain a contiguous image it was necessary to shift the telescope 
between exposures. 16 exposures arranged in a four-by-four grid, 
with each pointing offset by the width of the gap between adjacent 
pointings, were found to give a contiguous and almost uniform 
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Figure I. The Clowes-Campusano LQO with each quasar labelled by its rcdshift. The 30x30arcmin' region targeted for BTC imaging is indicated by the 
box, and the quasar for which we have K imaging is cht!ed. The boundaries of the plot match the boundaries of the AQD survey of ESO/SERC field 927 
(Clowes & Cainpusano 1991, 1994; Clowes, Campusano & Graham 1999). Note that this plot and Figs 5, 6 and 7 have east to the right. 
0 2001 RAS, MNRAS 323, 688-698 
690 C P Haines et at 
coverage over a 30x 30arcmin 2 field, with -90 per cent of the 
field covered by exactly nine of the 16 exposures. The images had 
large relative offsets, and so that they could be registered, the 
effects of the distortions (produced by the camera optics) were 
removed using models based on observations of astrometric fields. 
These distortions are significant because of the wide field of the 
camera, and were of the order of 60 pixels at the corners of the 
CCD array. After the removal of distortions, the ruts errors of 
registration between images were typically -0.05 arcsec. Details 
of the observing and reduction procedwes for the whole BTC 
image will be described elsewhere. Most of the reduction 
processes were performed in the usual way using IRAF tools. 
K-imaging was obtained for a 2.25 x 2.25 arcmin t field centred 
on the radio-quiet quasar at 
	 +05041 '50'5 (J2000) 
using the IJKIRT Fast-Track Imager (UFTI) camera on the 3.8-rn 
United Kingdom Infrared Telescope (UKIRT) in 1999 March. 
This has a field of 1.5x 1iarcrnin 2 with a pixel size of 0.09 
arcsec. The field around this quasar was observed in preference to 
the other two because of its mote populous immediate environ- 
ment (within 5 arcsec), suggesting that it was the most likely to be 
in an interacting system. No cluster-scale environmental factors 
were considered, and so, for the overall clustering statistics, the 
selection can reasonably be regarded as random. 
A standard nine-point jitter pattern was used, with each I-mm 
exposure offset by 20arcsec relative to adjacent exposures. A dark 
frame was obtained between each set of jitters, and subtracted 
before self-flattening the set. Although the 20-aresec wide strips at 
the edges of the image have only one third of the exposure time, 
they have been retained with each source checked visually, and 
separate magnitude limits determined. 
The combined K image was convolved to the same seeing as the 
I image, so that galaxy colours could be detennined using a single 
fixed aperture, and then registered with the optical images. 
Photometric calibration of the Vand I images on to the Landolt 
system was obtained using Landolt standard stars at varying 
airmasses, and a UKIRT faint standard was used for the K image. 
Object detection was carried out using sexrnAcroR (Berlin & 
Arnouts 1996) for objects with '-(FWHM) 2 contiguous pixels 
over the I a detection threshold. Completeness levels for each 
filter (for the region covered by the K image rather than the whole 
BTC field) are given in Table I. They were detennined by 
dimming a bright galaxy to a specified magnitude and adding 100 
copies to the image at random positions, and then processing 
through 5ExTRAcTOR in the usual way. The 50 and 90 per cent 
completeness levels are estimated as the magnitude for which 50 
and 90 galaxies out of the tOO are recovered. The total magnitudes 
were taken to be the MAG_BEST output from sExrnAcros, and 
colours were determined using fixed apertures of diameter 
2.5 arcsec. 
Table I. Photometric properties of the images, inctuding 
exposure times and completeness levels. The V. I figures are 
for the area covered by the K image, rather than for the whole 
Bit field. 
Alter Exposure Seeing Completeness 
Band time FWHM limits (mag) 
(subfield) (sec) (arcsec) 90 per cent 	 50 per cent 
K (centre) 3780 0.60 19.25 	 19.95 
K (edge) 1260 0.60 18.82 	 19.53 
16200 hIS 24.68 	 25.39 
V 8100 1.30 25.40 	 25.95 
Star-galaxy separation of each source was performed using a 
combination of morphology (using the stellarity classifier in 
snxnAcToR) and a comparison of V - I and F - K colours with 
model star and galaxy tracks. The stellarity classifier uses a neural 
net trained with a set of artificial stars and galaxies to produce a 
probability' that a source is stellar. Stellarities of sources in both 
V and I images were obtained and the weighted mean used for 
classification. Most of the sources that were morphologically 
classified as stars also had colours that lay new the model star 
tracks, but a number of sources had the colours of blue galaxies 
and were reclassified as such. 
3 RESULTS 
3.1 Galaxy counts 
In total, 100 visually verified sources were detected in the K 
image, of which 95 had counterparts in the I image within 
I arcsec, and 79 had counterparts in both Vand F images. 14 of the 
79 sources were classed as stars, leaving 86 galaxies in the 2.25>( 
2.25 arcmin2 field. Of the five sources detected only in the K 
image, two are the close companion galaxies of the quasar which 
could not be separated from the quasar point-spread function by 
SEXTRACTOR in the Vand / images, and the other three must have 
I - K> 3.75 to be undetected in I. 
Table 2 shows the comparison of galaxy counts seen in the K 
image with those expected from a field region (Songaila et al. 
1994). Excesses of galaxies are seen in all magnitude bins, even in 
the last bin where incompleteness should reduce any excess. If we 
limit ourselves to K C 19 (an Lt  galaxy at z = 1.226 has K 
19.05) where we can be reasonably confident of both complete-
ness and photometry, then a 35a excess is observed [accounting 
for the effect on galaxy statistics of the two-point angular 
correlation function, <0) = I. 130(arcsec) 0t (Roche et al. 
1999), for K C 19 galaxies], with 40 galaxies observed, whereas 
only 19 would be expected. By considering only those galaxies 
with I - K > 3.75, the excess is much more significant, with 23 
galaxies observed instead of the expected two. Even though the 
clustering amplitude of extremely red galaxies is a factor of 10 
greater than that of K-selected field galaxies (Daddi et al. 2000), 
we still observe a 9a excess. It is clear that the total excess is due 
entirely to these extremely red galaxies, indicating a likely cluster 
at z 0.8, and we consider all / - K> 3.75 galaxies to be cluster 
members. 
Thbte 2. A comparison of total and extremely red (I- K> 3.75) 
galaxy counts in the K image, binned by magnitude, and those 
expected for the sani.e.sized region in the field (Songaila et al. 
1994). The numbers include those observed only in the K image, 
with the two companions to the quasar assumed to have I - K C 
3.75, and the other three sources to have I - K > 3.75. 
Magnitude Total 
Observed 
I - K> 3.75 Total 
Expected 
I - K > 3.75 
15<KS16 I I 0.533 0 
16CKs 17 3 I 2.186 0 
17<KS 18 13 5 4.204 0.050 
18<Ks19 23 16 11.36 1.939 
19<K520 39 23 21.81 1.896 
Total 79 46 41 4 
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3.2 Galaxy colours and photometric redshlft estimates 
In Fig. 2 we show the! - K venus V - I colour-colour diagram 
for galaxies in the K image. To estimate the photometric redshifts 
of each galaxy 1mm its VIK colours, and to produce the model 
colour tracks of Fig. 2, we have used the HYPERZ code of 
Bolzonella. Miralles & Pelló (2000), which uses the Bruzual & 
CharIot evolutionary code (GISSEL98, Bruzual & CharIot 1993) to 
build synthetic template galaxies. It has stellar populations that 
have eight star formation histories, roughly matching the observed 
properties of local galaxies from £ to Im type: an instantaneous 
burst; six exponentially decaying star formation rates (SFRs) with 
time-scales r from I to 30 Gyr and a constant star'forming rate. 
The models assume solar metallicity and a Miller & Scab (1979) 
initial mass function (IMF), with internal reddening considered 
through the Calzetti et al. (2000) model with Availowed to vary 
between 0 and I mag. The HYPERZ software then produces a 
photometric redshifl probability distribution through a chi-squared 
minimization process, allowing for all possible galaxy ages, star 
formation histories and As. This approach of determining a range 
of compatible redshifts, rather than a single best-fitting redshift for 
a galaxy, is more appropriate in this case given the limited colour 
information available. 
The model curves of Fig. 2 correspond to stellar populations 
that were formed in an instantaneous burst at z=4.5 (solid line), 
and stellar populations with exponentially decaying SFRs with 
time-scales (r) of I Gyr (dashed line) and 5 Gyr (dot-dashed line), 
and are thought to approximate the colour evolution of massive 
elliptical and disc-dominated galaxies. The galaxy ages for each 
model are calculated for an h = 0.5, q0 = 0.5 universe. The! - K  
colours of the model tracks increase monotonically with redshift 
to z 1.3, and it is clear that! - K 4 is a good indicator of 
galaxies at z z I with predominantly old stellar populations. The 
divergence of the disc and burst model tracks at high redshifts is a 
clear indication of the effect of recent star formation on the V -! 
colour in particular. 
In Figs 3(a)-(d) we show the medshift probability distributions, 
P(z), for four galaxies which are compatible with being at the 
quasar redshift, incompatible with being at a 0.8, and which 
represent the differing classes of galaxies discussed in the text 
below. 
12.1 Red sequence galaxies 
There are 15—I8 galaxies (hereafter labelled red') whose 
extremely red colours (I— K > 3.75, V — !> 2.00) are consis-
tent with being passively evolving galaxies at a 1.2 (indicated 
by squares in Fig. 2). These red galaxies can be seen (as squares 
again) in the V - K and! - K against K C-M diagrams of Fig. 4 
to form 'fingers' at V - K 6.9 and! - K 4.3, comparable in 
form to the red sequences observed in lower redshift clusters, and 
in colour to other clusters at the same redshift. The a 1.2 
clusters of R99, S97 and D95 are all observed to have red 
sequences at R - K 5.9, each with 4 members spectro-
scopically confirmed as being at the cluster redshift. The red 
sequence galaxy colours can be compared directly for the R99 
cluster where I - K colour data exist, and the four spectro-
scopically confirmed red sequence members all have 4 C ! - 
K <4.4, in good agreement with ours. The colours of these red 
sequence galaxies are well-fitted by the passively evolving 
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Figure 2. I — K against V — ! colour—colour diagram of all galaxies in the K image. Those galaxies whose colours are well described by the burst model at 
1.2 are shown as filled squares. The four galaxies whose redshift probability distributions are shown in Fig. 3 are indicated by superimposed, labelled 
diamonds. For comparison, model tracks are shown for an instantaneous bunt at z. = 4.5 (solid line), and exponentially decaying star formation rate 
niodelswithcimescalesofloyr(dashedlie)andsoyr(dotdashedline).Eacbnckshowsthecolourevotutionfromz= 13toz=0withcrossesac0.1 
redshifi intervals. The effect of internal extinction ax z = 1.226 is shown as an anow in the bottom-tight corner. The dotted lines indicate the selection criteria 
used within this paper the cluster candidates ate selected to have! — K >3.75; with further separations into red (V —! > 2.00) and red outlier (V — I C 
2.00) galaxies; blue galaxies are identified by V —! < 1.00. 
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Figure 3. Redshift probability distributions for (our galaxies in the K 
image based on their V/K colours. The best fitting model is described by its 
redshift z and star formation history, which is either an instantaneous 
burst or an exponentially decaying star formation rule with time-scale r. 
The vertical dashed line indicates the redshift of the quasar. Distributions 
(a) and (b) correspond to two galaxies which help make up the observed 
red sequences in both V 
- K/K and I - K/K plots. Galaxy (c) is a 'red 
outlier' with a similarly ted I 
- K colour to (a) and ), but a much bluer 
V - I colour, indicating more recent star formation. Galaxy (d) is one of 
the galaxies from the blue 'band' and, doe to its red I - K colour, is best 
fitted by a z I disc galaxy. Note that the central dips in the probability 
distributions (c) and (d) are only axtefacts due to the limited number of star 
formation regimes available. 
monolithic collapse models of elliptical galaxies, and both their 
spectra and morphologies are similar to present-day ellipticals 
(Dickinson 1997). Red sequence galaxies are usually the most 
luminous cluster members, the massive ellipticals, and this also 
appears to be the case here, with the 10 brightest galaxies with 
I 
- K > 3.75 also having V 
- K as  6.9. Given that these are both 
the reddest and most luminous galaxies, these should provide the 
tightest redshift estimates, and Fig. 3(a) shows that the third 
brightest of these galaxies (G3) has 1.2 S z 5 1.4. 
The mean I - K colour of the red galaxies is 4.25, with an 
intrinsic dispersion of 0.15mag, and is best fitted by a 2-Gyr-old 
burst with a corresponding age dispersion of 400 Myr. The colour 
distribution seen in the red sequence is comparable to that seen in 
the cluster of TOO (0.22 mag in R - K), but is larger than that seen 
in the z as 1.2 3C 324 cluster (D95) which has an rms scatter of 
0.07 mag in R - K, suggesting that our cluster is less dynamically 
evolved than that of 3C 324. 
3,2,2 Red out/icr galaxies 
Only half of the excess of! 
- K > 3.75 galaxies is accounted for 
by the red sequence members, and we find comparable numbers 
(15-20) of K z 19 galaxies (hereafter labelled 'red outliers') with 
both I 
- K > 3.75 and V 
- I < 2.00, which appear to fit neither 
the passively evolving nor exponentially decaying star formation 
galaxy models (Fig. 2). 
Galaxies with similar colours and magnitudes have been 
observed in other z 1.2 clusters (e.g. Kajisawa & Yasnada 
1999; TOO; Kajisawa et al. 2000). They have also been observed at 
20 5 K 5 22 in deep optical-NUt surveys (e.g. Moustakas et al. 
1997), and appear common (several per square arcminute) at these 
fainter magnitudes. Much of the discussion (see e.g. Moustakas et 
a]. 1997) of these objects has been limited to speculation because 
of the lack of spectmscopic observations, but a widely held view is  
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FIgure 4. Colour-magnitude diagrams of galaxies in the K image. The 
solid symbols represent those galaxies detected in all three bands. The 
empty symbols represent those galaxies detected in land K only. Galaxies 
whose colours are well described by the bunt model at z as 1.2 have square 
symbols. The four galaxies whose redshift probability distributions are 
shown in Fig. 3 one indicated by diamonds. The dash-dotted lines indicate 
the 50 per cent completeness levels for each filter in the centre of the 
image, with the dotted line indicating the completeness level in K for the 
edge of the image. 
that they are probably high-redshift objects (I S z 5 2) which are 
undergoing significant star formation and whose extremely red 
I - K colours are caused by a combination of dust and dominant 
old stellar populations. There is also some spectroscopic evidence 
that some z 1.2 cluster ellipticals are undergoing star formation, 
such as 0 it emission lines seen in object No. 4 of R99 and object 
No. 237 of 597, both of which appear bluer in optical colours than 
the other red sequence galaxies in the clusters. Some extreme 
members of this population have been observed with I - K > 6 
(e.g. Flu & Ridgway 1994), and one has since been spectro-
scopically confirmed as an ultraluminous infrared galaxy at z = 
1.44 with significant ongoing star formation that is heavily 
obscured by dust (Graham & Dey 1996; Dey et al. 1999). Given 
that both star formation and dust are likely to have affected the 
colours of these 'red outliers' significantly, it is not possible to 
constrain the galaxy redshifts beyond z I (Fig. 3c), but their 
prevalence in the vicinity of other high-redshift clusters, and the 
relative rarity of field I - K> 3.75 galaxies, suggests that many 
are associated with the cluster. 
3.3 Spatial distribution of galaxies 
The spatial distribution of galaxies detected in the K image is 
shown in Fig. 5, with solid symbols used to differentiate the red 
galaxies from the remainder. 
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13.1 Red sequence galaxies 
The red galaxies appear to be distributed across the K image 
1.29hMpc at z= 1.226) with no concentration towards the 
quasar. However, the 10 most luminous red galaxies (which we 
indicated earlier are probably massive ellipticals at the quasar 
redshift) are concentrated in two compact groups, one towards the 
top-centre of the image (along with a number of fainter members), 
and the other in the south-eastern corner. This suggests that the 
galaxy excesses and red sequences could be due to two clusters at 
similar redshifts. Assuming that the brightest of the red galaxies, 
01, is a quiescent galaxy at the quasar redshift, then it has L 
1414, and is more luminous in K, by almost a magnitude, than any 
of the galaxies from other z - 1.2 clusters (D95; S97; R99). It is 
also a radio emitter, being the only source in the K image detected 
by the VLA FIRST 20-cm survey, having an integrated flux of 
2.63 ± 0.15 mjy, which suggests that it has an active nucleus. It is 
common for the brightest cluster galaxy (which is what we assume 
this is) also to be a radio source, although it is not as spectacular 
an example as 3C 324, which is at a similar redshift, but is 1000 
times more luminous in the radio. If this galaxy is comparable to 
3C 324 then it may also display narrow-line emission, in particular 
Ott and Mg It, and this may explain why it appears bluer than the 
other red sequence galaxies, as the emission lines boost the optical 
flux. The brightest cluster galaxy is usually located near the 
cluster centre, and it appears to be the case here too if Figs 5 and 7 
(later) are compared. 
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Ftgun 6. Estimated density distribution of the red galaxies in the field of 
quasar 104420.8+055739. The first contour corTesponds to a density of 
one galaxy per square aretninute, and the separation of successive contoon 
is also one galaxy per square arcminure. The quasar and red galaxies ate 
marked as in Fig. 5, and the labels correspond to the galaxy IDs of Thble 3, 
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Thble 3. Resulls from the cluster membership analysis 
of the red galaxies. Column A/B indicates whether a 
galaxy was assigned to cluster A or B, and the last three 
columns show the probabilities that a galaxy is isolated 
or a member of cluster A or B. 
II) K,, A/B P(iE0) P(iEA) P(IEB) 
I 15.75 A 0.0827 0.9075 0.0098 
2 16.97 A 0.0324 0.9259 0.0417 
3 17.05 A 0.0259 0.9626 0.0115 
4 17.24 B 0.0562 0.1172 0.8266 
5 1732 A 0.0391 0.9468 00142 
6 1732 B 0.0438 0.0128 0.9434 
7 17.60 B 0.0319 0.0159 0.9522 
8 18.01 B 0.0306 0.0164 0.9529 
9 18.09 B 0.0357 0.0298 0.9345 
tO 1832 A 0.0583 0.6754 0.2663 
II 18.35 A 0.0188 0.9582 0.0230 
12 1830 A 0.6440 0.2716 0.0844 
13 18.59 A 0.0200 0.9595 0.0205 
14 18.95 A 0.0191 0.9641 0.0167 
15 18.97 B 0.0732 0.2129 0.7139 
16 19.09 B 0.1860 0.2110 0.6030 
17 19.24 A 0.2852 0.3465 0.3683 
18 19.35 B 0.2512 0.1011 0.6477 
To examine the significance of any substructure for the red 
galaxies, the non-parametric cluster analysis method described 
by Pisani (1993. 1996) is applied. This is based upon esti-
mating the underlying probability density. F(x), of a data sample 
{x1,x2 ..... XI,I) using an iterative and adaptive kernel 
method. Each data point, x,, is initially smoothed by a Gaussian 
kernel of width a to produce a pilot fixed-kernel estimate of 
the local density, 4(x,), at each point. The optimal value for the 
smoothing parameter a is detennined by minimizing the 
integrated square error (ISE), (f), of the estimation of F(i). It 
is possible to show (see Silverman 1986) that minimizing the 
cross-validation. M(f), a function related to ISE(f,,), and that can 
be written as a sum of functions dependent only on the x ;, is 
equivalent to minimizing ISE(f,). The pilot local density estimate 
is then used to adapt the amount of smoothing applied to each 
point through a, = afJ(x,)/J]'/ 2 , whereJ is the geometric 
mean of the f(x,).  The adaptive kernel estimate of the local 
densityf,(x) is then 
N 	 l exp ( I Lr _ x42 \ 
'=1 
The adaptive kernels produce both a higher resolution in the 
clustered regions where it is needed, and increased smoothing in 
the low-density regions (see Silverman 1986; Pisani 1993; 1996 
for detailed discussion), and the non-parametric nature of the 
method means that the amount of smoothing is dependent 
solely upon the data points, rather than any prior estimate of 
what the cluster width should be. The probability density 
estimate of red galaxies is shown in Fig. 6 with the two density 
peaks, marked A and B, which are assumed to mark the two 
cluster centres. 
Having produced the probability density estimate, each galaxy 
is assigned membership to one of the clusters by following a 
path from 
 the original position xi along the maximum gradient 
of f(x) until it reaches the local maximum A or B. The 
contribution to the local density from each cluster, IA(s), fn(x), is 
then taken to be the sum of the kernels for galaxies assigned to 
that cluster. 
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FIgure 7. Contour plot of the estimated density distritxstion of optically red 
(V - I 2.25, I < 23) galaxies (including all C-M relation members) in 
a 7 x 7arcmin1 (corresponding to 4.06 x 4.06/C2 Mpc2 at z = 1.226) field 
centred on the quasar. The first contour corresponds to a density of one 
galaxy per square axminute, and the separation of successive contours is 
also one galaxy per square arcminute. The quasar is marked as previously, 
and the central box corresponds to the field of the K image. 
The expected background contamination from red field 
galaxies, fo(s),  is unknown, and so we have estimated it to be 
half that of the I - K> 3.75 field galaxies, or 0.5 galaxies per 
square arcminute, as about half our I - K> 3.75 galaxies are also 
classified as red (I - K> 3.75, V - I> 2.00). The probability 
that each galaxy is isolated, and hence is is a result of the 
background component, is just the fractional contribution of 
the background density to the local density P(i € 0) =fo/f5(t;). 
The probability that galaxy i is a member of cluster A is then the 
fractional contribution of cluster A to the local density, after con-
sidering the background contribution P(i E A) = (I - P(i C 0)] 
fA(i)/fa(i), and for each of the red galaxies these probabilities 
are shown in Table 3. Looking at this table and Fig. 6. it appears 
that the two clusters are well defined; II out of the brightest 14 
galaxies have probabilities greater than 0.90 of having been 
assigned correctly to cluster A or B. Only galaxies No. 4 and No. 
10 have significant doubt over cluster assignment, and No. 12 
appears to be isolated, whilst the four faintest red galaxies show 
no clear membership of either cluster, and may only be part of the 
combined structure. 
As a second estimate of the significance of the substructure, we 
examine the null hypothesis that the galaxies ate all members of a 
single cluster. One method for examining the null hypothesis is the 
likelihood ratio test statistic (LWrS) (Ashman, Bird & Zeff 1994; 
K,eissler & Beers 1997) which evaluates the improvement in 
fitting the data of a two-component model over a single elliptical 
Gaussian probability density function. The besl fitting single 
elliptical Gaussian j(x) to the data is found using the mean,!, 
and covariance matrix, A, of the data, and this unimodal 
probability density function is used to create 10000 bootstrap 
catalogues of 18 galaxies each. The adaptive kernel estimator is 
applied to each bootstrap catalogue in the same way as the original 
data, and for those catalogues where bimodality is observed, the 
cluster membership probabilities P(i E,a), for i = I ..... N; IL = 
I, 2 are calculated. The probable number of galaxies in cluster M 
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is then given by n. = > 1P(i E es). The best fitting double 
Gaussians, f.M)(x), can then be found using the means, 2,, and 
covariance matrices, A. of the data set weighted by P(i € M) for 
IL = 1,2, before normalizing to Lf(x)dr =n u .The measure 
of the lit by the g-component model is evaluated through the 
likelihood value 
N I g 	 I-PtiGO) 
II I 	 I 	 . 	 (2) 
The evaluation of the improvement in going from a single- to a 
double.Gaussian fit is then given by the LRTS A = 
-21n Lc(2)/Lc(I). The significance of the substructure 
observed is estimated by the probability that a null hypothesis 
bootstrap catalogue produces a value of A greater than the 
observed value. For the observed distribution, using 10000 
bootstrap catalogues, we find that the substructure is marginally 
inconsistent with the null hypothesis at the 8.88 per cent 
significance level. The low level of significance is due to the 
small number of galaxies involved, as many of the more signifi-
cant substructures among the bootstrap catalogues were due to just 
three or four points that were within a few arcsec of one another. 
13.2 Clustering acmss laixe scales 
As both groups are located near the edges of the K image, and so 
may suffer from truncation, the full extent of clustering associated 
with the quasar is estimated by considering a 7 x 7 arcmin 2 field 
centred on the quasar from the BTC V and I images. Fig. 2 
indicates that any z I quiescent galaxies should be amongst the 
reddest galaxies in V - I, and so by selecting those galaxies with 
V -1> 2.25 the density contrast arising from any clustering at 
z 1.2 should be maximized. Note that this selection criterion is 
slightly redder than the V - I> 2.00 selection used previously, in 
order to reduce the contamination of intennediate-redshift quies-
cent galaxies. In the region covered by the K image, only the red 
galaxies are selected, including the three with 2.00 C V -, C 
2.25. The estimated density distribution of V - I> 2.25, I C 23 
galaxies is shown in Fig. 7, and it is clear that the clustering 
extends well beyond the K image. Cluster A now appears to be 
centred on the northern edge of the K image, and cluster B appears 
to be part of an elongated structure which extends 2-3 arcmin to 
the north-east. No further groups, each of 6-10 optically red 
galaxies, are apparent 3 arcmin south of the quasar and Ii aitmin 
apart. The significance of the substructure formed by clusters A 
and B appears to be much higher now, as the density peaks are 
moved further apart A re-examination of the null hypothesis, after 
including the V - / > 2.25 galaxies outside the K image, finds the 
substructure to be inconsistent with the null hypothesis at the 1.86 
per cent significance level. The increase in significance suggests 
that the clusters were truncated by the boundaries of the K image, 
but the increase is also due partly to the larger galaxy sample. 
113 Companion galaxies to the quasar host 
There axe two galaxies (labelled Cl and C2 in Fig. 5) that are only 
3arcsec (I2.91C'kpc) from the quasar, and could well be 
companion galaxies to the quasar galaxy host. Compact 
companions are found for a significant fraction of quasars (e.g. 
Bahcall et al. 1997) and spectroscopic observations confirm that 
many have stellar populations and redshifls within 500kms" of 
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Figure 8, The angular cross.correlation. w,b(0), between red (V - I> 
2.00,1 - K> 3.75) and blot (V - 1< 1.00) galaxies in the field covered 
by the K image. The errors are assumed to be Poissonian with variance 
the quasar (e.g. Stockton 1982: Canalizo & Stockton 1997). It has 
been suggested (e.g. Stockton 1982; Bekki 1999) that these 
companion objects are tidally stripped cores from galaxies that 
have recently interacted with the quasar host galaxies, and that this 
interaction provides an efficient fuelling mechanism for quasar 
activities. Spectroscopic analysis of the companion to quasar 
PG 1700+518 (Canalizo & Stockton 1997) finds evidence for 
both a starburst event that occurred roughly 100 Myr ago (and so 
could be coincident with the quasar activation), and a relatively 
old stellar population likely to be from the merger progenitor disc. 
The galaxies Cl and C2 are bluer than the red sequence galaxies 
(cf. C3), and so, if associated with the quasar, they have undergone 
a recent episode of star formation, presumably caused by the 
merger process. 
3.14 Blue galaxies 
To compare this quasar field with the results of MCi we have also 
examined the distribution of blue (V - 1< 1) galaxies for 1<25 
(indicated by star symbols in Fig. 5). We find a concentration of 
blue galaxies within 30arcsec (290 IC' kpc) of the quasar, which 
appears to be extended towards the north-east, forming a 'band' 
that bisects the two groups of red galaxies. The band presumably 
corresponds to a region of enhanced star formation. Few, however, 
are found near the centres of either group of red galaxies. In 
comparison with adjacent fields (over a 7 X 7 aitmin2 region) in 
the optical images we do not find an excess of blue galaxies. 
To examine the relative spatial distribution of red and 
blue galaxies, the angular cross-correlation function. o(9) 
Ns(9)/Nrg - I, is determined (see Fig. 8), where Nth(0) is the 
number of red-blue galaxy pairs with separation 9, and N(9) is 
the expected number of pairs with one member from the red 
catalogue and the other from one of 10000 randomly distributed 
catalogues. 
At small separations (9< 20aicsec), the red and blue galaxies 
are strongly anti-correlated at the 3u level, confirming the 
apparent avoidance of the red groups by the blue galaxies in Fig. 5. 
In contrast, for20 <9< óOarcsec, there isaconelation at the 3u 
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level between red and blue galaxies, which is due to the 'band' of 
blue galaxies that bisects the two groups of red galaxies. 
The blue galaxies do not contribute to the excess of galaxies 
observed at K C 19, as only nine of SI are detected in K, the 
brightest having K = 18.87. These nine all have the red F - K 
colours indicative of z I galaxies (e.g. 19g. 3d), and six of the 
nine help make up the concentration 30 aitsec from the quasar, 
which suggests that this at least is real. However, given that the 
V - I colour is affected much more by recent star formation than 
redshift, we cannot say anything about the likely redshift of the 
remaining blue galaxies. 
4 DISCUSSION AND CONCLUSIONS 
We have found a 3.5a excess of K C 19 galaxies in the 2.25 x 
2.25 arcmirit field around the z = 1.226 radio-quiet quasar 
104420.8-1-055739 from the Clowes-Campusano L0J3. The 
excess is due entirely to a factor of - II overdensity of red (I - 
K > 3.75) galaxies, which must have z 0.8 to explain their 
colour. In particular, we find cluster red sequences of 15-18 
galaxies, in the F - K and V - K against K C-M diagrams at 
F-K='43, V-Ka6.9, comparable in both colour and 
magnitudes to red sequences observed for other z 1.2 clusters. 
l'hese red sequences suggest a population of massive ellipticals at 
the quasar redshift. In the area of the K image we find tentative 
evidence of substructure amongst these galaxies, with two 
apparent groups 40 arcsec to the north and 60 astsec to the 
south-east of the quasar. An examination of the optical images 
over a 7 x 7 arcrnin2 area indicates that this substructure is 
significant at the 2 per cent level, and that the clustering extends 
well beyond the K image, forming a large-scale structure 2-
3 IC' Mpc across. The overall structure is suggestive of being the 
early stages of formation of a cluster from the progressive 
coalescence of subclusters. 
Only half of the excess of! - K> 3.75 galaxies is accounted 
for by the red sequence members, and we find comparable 
numbers (15-20) of 'red outlier' galaxies with both! - K > 3.75 
and V -, C 2.00. which appear to fit neither the passively 
evolving nor exponentially decaying SFR galaxy models (Fig. 2). 
MI we can say is that they are likely to be dusty star'forzning 
galaxies at I 
	 z 2S 2; given that such galaxies are found around 
other: 	 1.2 clusters (e.g. TOO; Kajisawa et al. 1999; 2000), and 
given their comparative rarity in field regions, it seems reasonable 
to assume that they are associated with the cluster. This would 
suggest that the Butcher-Oemler effect (Butcher & Oemler 1978, 
1984) observed in intermediate-redshjft clusters increases in 
strength to higher redshifts, with Z50 per cent of likely cluster 
members exhibiting the blue colours of recent star formation. 
We also find a concentration of blue (V -! C I) galaxies 
within 30arcsec (130/C' kpc) of the quasar, with many having 
the red I - K colours of z z I galaxies, which suggests that the 
quasar lies in a region of enhanced star formation, in agreement 
with the results of HG. This concentration appears extended in 
such a way as to separate the two groups of red galaxies, and it is 
also notable how the blue galaxies appear to avoid the centres of 
red galaxy clustering. Some foreground contamination is likely, 
but given that such concentrations appear common around LQG 
quasars at this redshift, and the highly significant spatial 
interrelation between the blue and red galaxies, then we can be 
reasonably confident that this concentration is real, and is 
associated with the quasar. However, spectroscopic observations  
of these and the other cluster candidates will be required to 
confirm cluster membership and to provide more quantitative 
information about their star formation histories, such as their 
approximate ages and current star formation rates. 
4.1 A pondble cluster merging event 
The relative distribution of red and blue galaxies can be explained 
if we are witnessing the early stages of the merging of the two 
clusters of red galaxies, which has triggered both the band of 
enhanced star formation and the quasar itself. A comparable 
distribution has been observed for the Coma cluster (CaIdwell et 
al. 1993) with a band of post-starburst or 'B + A' galaxies located 
between the Coma cluster centre and a secondary X-ray peak. 
Dynamical studies (Bums et al. 1994) indicated that these galaxies 
had passed through the centre of the Coma cluster about 2 Gyr 
ago, coincident with the epoch of starbursting predicted from the 
spectra of the post-starburst galaxies. Unusually high blue galaxy 
fractions have been observed for a number of low-redshift clusters 
with bimodal X-ray surface brightness profiles (Metevier, Romer 
& Ulmer 2000), implying that cluster mergers can induce 
starbursts simultaneously in a large fraction of cluster galaxies, 
and they could be a major contributor to the Butcher-Oemler 
effect. Several mechanisms have been suggested that could cause 
at first the triggering, and then the termination of a secondary 
burst of star formation in a galaxy, as a subcluster passes through a 
cluster. These include ram pressure from the intra-cluster medium 
(1CM) (Evrard 1991), shocks due to collisions between the two 
ICMs (Roettiger, Burns & Loken 1996), and the effect of close 
galaxy encounters (Moore et al. 1996). As the 'band' of blue 
galaxies is likely to be undergoing, or has recently undergone, star 
formation, and because the two groups are relatively close 
together, we suggest that this system is being observed at an 
earlier epoch of the cluster merger process than Caldwell et al. 
(1993), either just before or just after core passage, and that the 
star formation has been triggered by the interaction of galaxies 
with the shock fronts produced by the collision of the two ICMs 
(see Roettiger et al. 1996). 
Cluster merging events are predicted to be relatively common at 
high redshifts (z z I) in hierarchical clustering models (e.g. Press 
& Schechter 1974; Bahcall, Fan & an 1997; Percival & Miller 
1999). Examples of possible merging clusters at high redshifts are 
the CL0023+00423 groups at z = 0.8274 and 0.8452 which, 
according to a dynamical study, have a 20 per cent chance of 
merging (Lubin. Postman & Oke 2000), and the R99 and S97 
clusters which are separated by only 2.5 IC' Mpc. 
4.2 ComparIson with other work 
In a study of seven radio-loud quasars at 1.0 C z C 1.6, Sanchez 
& Gonzulez-Serrano (1999) find excesses of faint (B > 22.5 and 
I?> 22.0) galaxies on scales of r < 170and,< 35 arcsec around 
the quasars, whose numbers, magnitudes and angular extensions 
are compatible with being clusters of galaxies at the quasar 
redshifts. In particular, however, they find that the quasars are in 
general not located at the peaks of the density distribution, but are 
some 40-100 aresec from them, located on the cluster peripheries. 
This result, and our own, is understandable in the framework of 
quasar activity being triggered by the infall of gas on to a seed 
black hole. First, galaxies in the centres of clusters have 
previously lost most or all of their gas, by having had it stripped 
off by ram-pressure from the 1CM or by tidal forces from close 
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encounters with other galaxies, or by consuming the gas in a 
starburst during its first infall into the cluster. Secondly, the 
encounter velocities for galaxies in the cluster colts greatly 
exceed the internal velocity distribution of the galaxies, making 
galaxy mergers much less effective at triggering nuclear activity 
(Aarseth & Fall 1980). 
In a comparable study of the galaxy environment of the radio-
loud quasar 1335.8+2834 from the z - 1.1 Crampton et al. 
(1989) LQG, Tanaka et al. (2000) obtain results which have 
several similarities to our own. This quasar had been part of the 
l-ICJ study, and was known to lie in a band of blue and emission-
line galaxies. Using deep R, I and K observations, a number of 
extremely red objects with the colours of passively evolving 
galaxies at the quasar redshift were found, forming a cluster which 
lies to one side of both the quasar and the band of blue and 
emission-line galaxies. They also find a similar population of 'red 
outliers' and estimate the blue galaxy fraction as 60-80 per cent. 
They also find an indication that this cluster is part of a larger 
structure with groupings of optically ted (R - 1> 1.3) galaxies, 
similar to the clustering near the quasar, found across the 8 )t 
8 arcmin 2 (4.7 x 4.7 h' 2 Mpc2 at z = 1.086) R. I optical images. 
In a wide-field (48 x 9 arcmint) optical imaging survey of the 
1338+27 field containing five quasars from the Crainpton et al. 
(1989) LQG, Tanaka et al. (2001) detect significant clustering of 
faintredgalaxieswith!>2landR-I> 1.2.These0axiesare 
concentrated in 4-5 clusters forming a linear structure of extent 
-l0#C' Mpc that is traced by the group of quasars, although only 
the one radio-loud quasar of TOO appears to be directly associated 
with any of the rich clusters. The immediate environments of the 
other four LQG quasars, all radio-quiet, appear relatively poor in 
terms of red galaxies, although three have excesses of blue and 
emission-line galaxies (HCJ) indicating that they are located 
within regions of enhanced star formation. This is the clearest 
evidence yet that LQOs ti -ace large-scale structure, even if the 
majority of the member quasars are only directly associated with 
regions of enhanced star formation, rather than rich clusters. 
4.3 InterpretatIon - mechanisms for quasar formatIon 
As several of the HO quasars were found in regions of enhanced 
star formation, and as both the quasar of TOO and this paper are 
located in 'bands' of enhanced star formation, in between, or on 
the peripheries of, clusters, we propose a causal link between the 
quasar and star formation whereby both are triggered by the same 
mechanism: the interaction between the galaxy and the intra-
cluster medium. If a galaxy can be disrupted sufficiently by its 
passage through the 1CM to cause it to undergo starbursting, then 
if it also contains a supermassive black hole, enough gas may be 
channelled on to the nucleus to trigger a phase of quasar activity. 
Such a mechanism explains the finding of quasars in regions of 
enhanced star formation more naturally than the galaxy merger 
model, as it allows many galaxies to be affected simultaneously, 
although there is good evidence that a large fraction of quasars 
have been triggered by galaxy mergers. If there is a connection 
between the quasar and star formation activation, then it is likely 
that these quasars are found preferentially in clusters with 
high blue galaxy fractions, and that these ale not representative 
of z 1.2 clusters as a whole. 
This work and previous studies show that searching for sources 
with the! - K > 3.75 colours characteristic of quiescent galaxies 
at z it I is an efficient means of locating z I clusters. By adding 
a second optical band it is then possible to obtain qualitative 
0 2001 RAS, MNRAS 323, 688-698 
infonnation on the star formation history of these galaxies. Using 
this information along with the relative spatial distribution of 
quiescent and star-forming galaxies, a more complex picture 
arises in which the evolutions of galaxies, quasars and clusters ale 
all interrelated. 
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